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ABSTRACT
Woody Breast (WB) myopathy causes significant economic losses to the global poultry
industry and the lack of objective, non-invasive and rapid methods for its detection as well as
profitable alternatives for its utilization are contributing factors. This dissertation is divided into
two main areas. The first area aimed to determine if there are carcass conformation changes that
can be used to identify WB characteristics in commercial broilers using image analysis. In the
first experiment, images of broiler carcasses were captured before evisceration to obtain and
evaluate carcass measurements from the breast region. Eight image measurements and four ratios
were used to develop models for predicting carcasses that yielded fillets moderately or severely
affected by WB condition. The best validated model to predict WB included the breast width at
cranial and caudal sections along with a fraction (1/5th) of the breast length of broiler carcasses.
Using this model, 84% of carcasses were correctly classified as WB or normal with a sensitivity
of 82% to detect affected birds. The compression force of breast fillets, which was highly
correlated to WB tactile scores, validated the WB prediction using carcass measurements. In the
second experiment, the same image measurements were used to predict WB in broiler carcasses
from different strains, gender, and ages or live weights. Although the predictive performance of
models for detecting WB was related to differences in WB severity and occurrence rates among
broilers, overall 91% of carcasses were accurately classified as WB or normal with a sensitivity
of 71% to identify carcasses with WB. The second area aimed to evaluate the effect of WB meat
utilization on instrumental quality traits of chicken patties and deli loaves. Nine formulations of
patties and deli loaves were prepared using broiler breast fillets at different degrees of WB
severity and proportions. There was evidence of the poor functionality associated with the
inclusion of severe WB fillets, either alone or combined with mildly affected fillets, into these

products. However, WB fillets could be used at relatively low proportions combined with normal
fillets as a feasible alternative in commercial chicken patty and deli loaf formulations.
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LITERATURE REVIEW
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INTRODUCTION
The consumption of poultry meat products has become more and more prevalent
worldwide. This growing demand has driven an intensive genetic selection for fast growth and
high yields in broiler chickens (Petracci et al., 2015). However, the appearance of contemporary
myopathies such as the “Woody” or “Wooden” breast (WB) condition has been linked to these
continuous improvements (Mudalal et al., 2015; Petracci et al., 2015). Such WB myopathy is
characterized by a notorious hardness with swollen and pale sections covered with viscous fluid
or hemorrhages or both in intact broiler breast fillets severely affected by this abnormality (Sihvo
et al., 2014; Mudalal et al., 2015). Although the etiological causes of WB defect are still
unknown or partially understood, WB fillets exhibit histological signs of muscle fiber
degeneration accompanied by fibrosis, lipidosis, and alterations in fiber membrane integrity that
result in impaired sensory, nutritional, and technological properties (Soglia et al., 2016a,b; Baldi
et al., 2019; Petracci et al., 2019). These adverse implications along with significant frequency
rates of chicken fillets moderately or severely affected by WB anomaly (Hanning et al., 2018)
can result in significant economic losses (Kuttappan et al., 2016).
In this context, the global poultry industry needs objective, non-contact, and fast in-line
techniques to predict WB due to the detection and categorization of breast fillets by WB severity
are commonly estimated using tactile and visual evaluations or laborious and time-consuming
instrumental laboratory procedures. Recently, objective and fast methods have been investigated
for WB detection and classification in deboned breast fillets such as the computer vision system
(Geronimo et al., 2019), the near-infrared (NIR) spectroscopy (Wold et al., 2017; Geronimo et
al., 2019; Wold et al., 2019), and the fusion of optical coherence tomography and hyperspectral
imaging (Yoon et al., 2016). Nevertheless, the early WB detection would be required to
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anticipate possible problems caused by WB on further processing procedures such as deboning
and portioning (Hanning et al., 2018). Thus, the potential use of in-line control technologies such
as vision grading systems, which are based on image analysis, needs to be investigated for an
early detection and sorting of broiler carcasses by WB severity. Conformational changes from
live broilers or broiler carcasses have been evaluated to predict important parameters such as
chemical composition of broiler carcasses (Chambers and Fortin, 1984), broiler weight (De Wet
et al., 2003; Mollah et al., 2010) and rigor mortis development in broiler muscles (Cavitt and
Sams, 2003). Thus, the second and third chapters aimed to determine if there are morphometric
changes that can be used to detect WB in commercial broiler carcasses using image analysis.
The negative implications of WB condition also make crucial the development and
selection of profitable alternatives for the utilization of WB meat once broiler carcasses or their
corresponding breast fillets affected by this myopathy are objectively identified and categorized
(Petracci et al., 2019; Santos et al., 2019). For instance, the application of WB fillets in further
processed products could be a reasonable option, considering that the chemical composition can
be adjusted during formulation (Petracci et al., 2015) along with the fact that further processing
operations can modify meat properties (Aberle et al., 2001; Keeton and Osburn, 2010). Some
efforts have been made to assess the use of WB meat in commercial poultry meat products (Qin,
2013; Tijare et al., 2016; Sanchez-Brambila et al., 2017; Chen et al., 2018; Santos et al., 2019;
Madruga et al., 2019). However, additional research is necessary to assess the effect of using
chicken fillets with different degrees of WB severity and percentages in poultry meat products.
In this line and considering the need to explore new alternatives of WB meat utilization, the
fourth and fifth chapters aimed to assess the impact of WB meat application on instrumental
quality characteristics of chicken patties and deli loaves.
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MYOPATHIES IN THE CONTEMPORARY POULTRY INDUSTRY
Over the past few years, the global poultry industry has been facing increasing and
challenging myopathies such as White Striping (WS), Woody Breast (WB), and Spaghetti Meat
(SM). Although the etiology of these abnormalities is still unknown or partially understood, the
intensive genetic selection of broilers for fast-growth rates and high yields could be the principal
factor associated with the development of these myopathies (Petracci et al., 2019). At the
macroscopic level, the muscles affected by these myopathies display distinctive characteristics,
whereas microscopic analyses show similar histological abnormalities (Soglia et al., 2019).
Currently, the most common myopathy is the WS condition that is characterized by noticeable
white striations parallel to the orientation of muscle fibers on broiler breast, tenders and thighs
(Kuttappan et al., 2013). The WB condition is characterized by an abnormal hardness with pale
protuberances mainly affecting the Pectoralis major muscle (Sihvo et al., 2014), and the most
recent myopathy is the SM condition, which is characterized by an altered structural integrity of
the broiler breast muscle (Baldi et al., 2018). These fillets affected by WS, WB, and SM
disorders exhibit histological and physicochemical anomalies that result in unwanted sensory,
nutritional, and technological properties (Soglia et al., 2016a,b; Petracci et al., 2017; Baldi et al.,
2018; Baldi et al., 2019). These negative implications along with important levels of occurrence
can result in serious economic losses (Kuttappan et al., 2016; Hanning et al., 2018; Petracci et
al., 2019). Thus, scientists are trying to solve or reduce the problem intensively. In parallel,
recent and crucial challenges are the early detection and objective grading of these myopathies
using non-contact and fast methods as well as the use of affected chicken meat in other
processing lines such as further processed poultry products (Petracci et al., 2019).
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White Striping (WS) Myopathy
White Striping (WS) is a myopathy in chicken meat that is characterized by noticeable
white striations of variable thickness parallel to the orientation of muscle fibers on broiler breast,
tenders, thighs and drumsticks (Kuttappan et al., 2013). Results from the histological analysis of
affected samples with WS condition showed a loss of cross striations, variability in fiber size,
floccular/vacuolar degeneration and lysis of fibers, mild mineralization, occasional regeneration,
mononuclear cell infiltration, lipidosis, and interstitial inflammation and fibrosis (Kuttappan et
al., 2013, Ferreira et al., 2014). These histopathological changes coupled with physicochemical
abnormalities derives in undesired sensory, nutritional, and technological properties (Kuttappan
et al., 2012; Petracci et al. 2014; Mudalal et al., 2015; Soglia et al., 2016b; Baldi et al., 2019).
There are several live production factors that have an influence on the incidence of WS in broiler
breast fillets such as the genotype (high > standard breast-yield), gender (males > females),
growth rate (higher > lower), diet (high > low energy diet) and slaughtering weight (heavier >
lighter) factors (Petracci et al., 2015).
There is an association between WB and WS defects (Sihvo et al., 2014; Tasoniero et al.,
2016; Radaelli et al., 2017; Griffin et al., 2018) that can be often detected in the same sample
exerting similar influence on muscle histology and proximate composition (Kuttappan et al.,
2013; Soglia et al., 2016b). Nevertheless, the strength of the positive relationship between WS
and WB in terms of incidence and degree of severity is only moderate and weak as breast fillet
weight increase (Bowker et al., 2019). Although these abnormalities can occur simultaneously,
they may have different etiologies (Velleman, 2015). Thus, further research is needed to identify
specific biomarkers to accurately assess the effect of genetics, environmental, or management
conditions in enhancing or worsening the condition in live birds (Kuttappan et al., 2016).
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Woody Breast (WB) Myopathy
Woody Breast (WB) myopathy is one of the most challenging and increasing meat
quality problems in the modern global poultry industry that is characterized by a noticeable
hardness with swollen and pale sections covered with clear viscous fluid, as well as scattered
petechiae or hemorrhages in severely affected chicken breast fillets (Sihvo et al., 2014; Mudalal
et al., 2015) from modern commercial broilers intensively selected for rapid growth and high
yields (Petracci et al., 2015; Hanning et al., 2018; Petracci et al., 2019). Morphological changes
due to WB myopathy start to develop in affected broilers at about two weeks of age (Sihvo et al.,
2017). This myopathy exhibits histological signs of muscle fiber degeneration, muscle fiber
necrosis, lymphocytic vasculitis, lipidosis, muscle fiber regeneration and fibrosis or interstitial
accumulation of connective tissue extensively cross-linked (Sihvo et al., 2014; Velleman and
Clark, 2015; Sihvo et al., 2017; Velleman et al., 2018). These changes derive in chicken meat
with higher levels of fat, collagen and moisture; therefore, lower levels of protein and ash (Soglia
et al., 2016a,b; Wold et al., 2017; Velleman et al., 2018; Baldi et al., 2019), which affect
negatively functional properties such as water holding capacity and modifies texture attributes
that result in downgrades and even condemnations (Hanning et al., 2018; Petracci et al., 2019).
Similar to WS myopathy, there are live production factors that have an effect on the
incidence and severity of WB condition in broiler breast fillets such as the genotype (high >
standard breast-yield) (Petracci et al., 2013; Mazzoni et al., 2015), gender (males > females)
(Trocino et al., 2015; Brothers et al., 2019), growth rate (higher > lower) (Sihvo et al., 2014;
Kuttappan et al., 2017) and age (older > younger) (Kuttappan et al., 2017; Radaelli et al., 2017;
Sihvo et al., 2017) or slaughter weight (heavier > lighter) (Cruz et al., 2017; Papah et al., 2017).
Thus, it would be suitable to consider these factors when evaluating the WB myopathy.
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One of the most critical negative implications of WB anomaly is the poor functional
properties exhibited mainly by severely affected breast fillets (Tijare et al., 2016; Petracci et al.,
2019). These impaired technological properties are reflected in low yields and reduced levels of
marinade uptake which are associated with an altered water holding capacity (higher levels of
drip loss and cook loss) (Mudalal et al., 2015; Soglia et al., 2016b; Kuttappan et al., 2017;
Bowker et al., 2018; Dalgaard et al., 2018). The severe degeneration in muscle fibers caused by
WB myopathy and the lack of consistent relationship between water holding capacity and pH
would explain the poor ability to hold water (Petracci et al., 2019).

Spaghetti Meat (SM) Myopathy
Spaghetti Meat (SM) myopathy is the most recently reported abnormality that is
characterized by an overall poor uniformity or altered integrity and tendency toward separation
of the muscle fiber bundles that mainly affect the superficial area of the cranial section of the
breast muscle (Baldi et al., 2018; Soglia et al., 2019). This characteristic tendency towards the
separation of the fiber bundles could be explained by the lower collagen cross-linking degree of
samples with SM condition (Baldi et al., 2019). There are some common histological changes
among WS, WB and SM myopathies such as the loss of normal muscle structure, anomalous
fibers displaying rounded profile, nuclear internalization, degeneration, necrosis up to lysis and
concurrent regenerative progressions, compromised connective tissue at perimysium and
endomysium levels, fat and inflammatory cell infiltration (Soglia et al., 2019). Furthermore,
samples affected with SM condition exhibit progressive rarefaction of the endomysial and
perimysial connective tissue (Baldi et al., 2018). These changes derive in affected broiler breast
fillets with significant increase in moisture content and decrease in protein level, whereas the fat
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content increases significantly only if WS condition is present simultaneously (Baldi et al., 2018;
Baldi et al., 2019), which affects negatively the meat quality and functional properties of affected
meat (Petracci et al., 2019).

Factors Involved in the Development and Incidence of Woody Breast Myopathy
The intensive genetic selection of broilers for rapid-growth rates and greater breast yields
may be the main factor associated with the development of current myopathies such as the WB
condition (Petracci et al., 2015; Kuttappan et al., 2016; Petracci et al., 2019). In this regard,
Hubert et al. (2018) conclude that WB myopathy is a possibly polygenic, complex syndrome,
with molecular similarities to neoplastic disorders. Lilburn et al. (2018) state that the evident
increase in the occurrence of modern myopathies such as WB abnormality is related to multiple
causative factors such as genetics, management, and muscle growth and development. Even
though the etiological causes of WB disorder are still unknown or partially understood, there are
several live broiler production factors such as broiler strain, gender, and age or body weight at
slaughter that can be associated with the incidence and severity of WB condition; therefore,
those factors may need to be considered when performing WB-related studies.

Strain
Rapid growth rates and greater breast yields in commercial broiler strains have been
related to the occurrence of emerging myopathies such as WB condition (Sihvo et al., 2014).
Indeed, there are studies reporting that high breast yielding (HBY) hybrids present higher
degrees of myopathic anomalies along with altered meat quality attributes in comparison with
standard breast yielding (SBY) strains (Petracci et al., 2013; Mazzoni et al., 2015). Similarly,
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Bailey et al. (2015) report a higher incidence of WB in a HBY strain compared to a moderateyielding strain; nevertheless, they also argue that there is a considerable non-genetic component
associated with breast muscle myopathies highlighting that environmental and/or management
factors might contribute to more than 90% of the variance in the incidence of WB abnormality.
On the other hand, higher frequency of WB disorder has been reported for broilers produced
from a HBY strain male compared to broilers produced from a fast-growing strain male, which
suggest that male genetic background and growth rate play a significant role in the development
of WB syndrome (Livingston et al., 2019). In fact, Velleman and Clark (2015) suggest that the
etiology of the WB disorder could vary between fast-growing commercial broiler strains.

Gender
There are reports confirming that male broilers present a higher WB occurrence and
severity with differentiated biological characteristics that could make them more susceptible to
WB condition than female broilers (Trocino et al., 2015; Brothers et al., 2019). Indeed, Trocino
et al. (2015) found that the incidence of WB condition was affected by sex factor and it was
approximately two times higher in male broilers (16.3%) compared to females (8.0%), which
could be related to the fact that male broilers grow faster and bigger than female birds. In this
regard, a more advanced and detailed study was conducted by Brothers et al. (2019), who found
a total of 260 genes that were differentially expressed between male and female broilers from
which 189 were upregulated in males (103 genes located on the Z-chromosome). They
concluded that there are biological features in male broilers that could make them more
vulnerable to WB anomaly increasing the possibility of a metabolic switch in contemporary
broilers that could be more conspicuous in males due to there was increased expression of genes
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involved in fat metabolism, oxidative stress response, anti-angiogenesis, and connective tissue
proliferation in male birds.

Live weight/age at slaughter
The etiology of contemporary abnormalities may not be related to a single causative
factor; nevertheless, any factor that decreases body weight or breast muscle accretion would
probably reduce the frequency of these defects (Lilburn et al., 2018). Thus, live weight or age at
slaughter of commercial broiler chickens are important factors to be considered when analyzing
current myopathies. A recent study established that WB disorder displays an age-dependent gene
expression pattern in fast-growing broiler strains, with molecular signatures and phenotypic
markers becoming more noticeable in older birds (Hubert et al., 2018). Results from histological
evaluations have shown that myodegeneration progress related to the development of broiler
breast anomalies such as WB myopathy is associated with the bird age at slaughter (Papah et al.,
2017; Radaelli et al., 2017; Sihvo et al., 2017; Griffin et al., 2018). Indeed, it has been reported
high levels of occurrence and severity of WB in older broiler chickens (Kuttappan et al., 2017),
which is consistent with another study showing that the prevalence of broilers with muscle fiber
degeneration increases with age (Radaelli et al., 2017). On the other hand, it has also been
reported that the incidence and severity of modern myopathies such as WB condition increase
with rising the slaughter weight of broilers (Cruz et al., 2017; Papah et al., 2017). However, there
is also a report showing that broilers affected by WB condition do not necessarily present higher
body weights during the rearing period, particularly after about 5 weeks of age (Kawasaki et al.,
2018); in fact, Bailey et al. (2015) found that the estimated heritability for WB disorder as well
as the genetic and phenotypic correlations between this anomaly and body weight were low.
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Morphometric Changes in Broilers Affected by Woody Breast Myopathy
Even though there are morphometric changes in the breast muscle intrinsic to the
selection of broilers for rapid growth and greater yields (Godfrey and Goodman, 1956; Reddish
and Lilburn, 2004; Griffin et al., 2018), significant physical dimension changes have been found
in broiler breast fillets with WB myopathy compared to normal samples (Mudalal et al., 2015;
Zambonelli et al., 2016; Kuttappan et al., 2017). There is a consensus on the argument that
occurrence and severity of current muscle abnormalities such as WS, WB and SM are linked to
thicker and heavier broiler breast fillets (Mudalal et al., 2015; Kuttappan et al., 2017; Baldi et al.,
2018; Petracci et al., 2019). Particularly, samples affected by WB and WB/WS exhibit higher
height at cranial, medial and caudal sections of the breast in comparison with normal broiler
breast dimensions (Mudalal et al., 2015; Zambonelli et al., 2016; Kuttappan et al., 2017). These
findings are consistent with macroscopic characteristics of breast fillets with WB disorder that
present bulged areas or ridge-like bulges at the caudal end (Sihvo et al., 2014; Griffin et al.,
2018), which could be used as a discriminant parameter to identify broiler breast fillets
exhibiting WB abnormality (Mudalal et al., 2015). Griffin et al. (2018) also reported WB
characteristics in the Pectoralis minor muscle from 46-day-old broilers such as the ridge-like
protuberance at the caudal region. Furthermore, some authors assert that broiler breast width and
length increase with the severity of WB condition (Zambonelli et al., 2016; Griffin et al., 2018);
however, there are those who did not find significant differences in these dimensions between
normal and WB fillets (Mudalal et al., 2015). It could be inferred that differences in breast fillet
height, length, and width between normal and affected samples may be the result of multiple WB
related muscle alterations. The most recurrent changes start with the muscle hypertrophy due to
the selection of broilers for fast growth and higher yields coupled with an irregular growth of
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supportive connective tissue that derive in a compromised blood supply and hypoxia, which may
speed up the development of oxidative stress that would contribute to tissue inflammation and
myodegeneration (Petracci et al., 2019). In addition, there is variability in size, shape, and
diameter of the muscle fibers (Sihvo et al., 2014; Sihvo et al., 2017), and the high occurrence of
WB disorder could be associated with pathological mechanisms involving edema and
inflammation (Petracci et al., 2019).
To date, no research has been published on the evaluation of conformational changes in
live broiler chickens or broiler carcasses with WB condition. However, morphometric
measurement changes from live broilers or broiler carcasses measured using direct instruments
or imaging techniques have been used in different studies to predict significant indicators such as
chemical composition of broiler carcasses (Chambers and Fortin, 1984), body weight (De Wet et
al., 2003; Mollah et al., 2010) and rigor mortis development in broiler muscles (Cavitt and Sams,
2003). In terms of shape and dimensions of broiler carcasses, Chao et al. (2010) showed that the
use of the multispectral image processing, which mechanically recognized the region of interest
(ROI) on broiler carcass images, could be incorporated into commercial rapid in-line control
systems for quality inspection. Moreover, the body surface-area pixels of chicken images
captured by a digital camera was utilized to estimate their live body weight through a
mathematical model (Mollah et al., 2010). On the other hand, Cavitt and Sams (2003) carried out
experiments to develop a non-destructive method for monitoring the degree of rigor mortis
development in broiler muscle and assess the effectiveness of electrical stimulation process.
These authors found that the elbow distance along with other detection methods may be used to
predict automatically the extent of rigor mortis development in broiler carcasses.
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DETECTION AND CLASSIFICATION OF WOODY BREAST MYOPATHY
The identification, characterization and/or classification of broiler breast fillets by WB
severity are commonly estimated by subjective tactile evaluation and/or laborious and timeconsuming instrumental techniques (Chatterjee et al., 2016; Tijare et al., 2016). Thus, one of the
most urgent needs in the global poultry industry is the accurate, objective, and rapid detection
and sorting of WB defect using non-destructive methods (Petracci et al., 2019). Recent studies
have been conducted to evaluate objective and fast techniques for detection and grading of WB
fillets such as the computer vision system (Geronimo et al., 2019), the near-infrared spectroscopy
(Wold et al., 2017; Geronimo et al., 2019; Wold et al., 2019), and the fusion of optical coherence
tomography and hyperspectral imaging (Yoon et al., 2016). However, these methods cannot
anticipate potential problems caused by WB anomaly on preceding operations such as portioning
and deboning as reported by Hanning et al. (2018). Therefore, the study of the objective
detection and classification of broiler carcasses by WB severity would be a reasonable option.
Alternatively, biochemical and histological assays could be applied accurately; nevertheless, they
may involve the carcass removal from the processing line (Petracci et al., 2019).

Subjective Methods
Tactile and visual or macroscopic evaluations are the most typical subjective methods to
identify and characterize broiler breast fillets with WB condition. Sihvo et al. (2014) carried out
a detection and characterization of WB disorder using a palpation assessment to determine the
degree of hardness of breast fillets in addition to a macroscopic evaluation of shape, color,
consistency and presence of exudate and/or hemorrhages. Later, Tijare et al. (2016) also applied
the tactile evaluation to categorize breast fillets based on the level of hardness or WB condition
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using a 4-point scoring scale (0 = normal, 1 = mild, 2 = moderate, and 3 = severe). Similar
scoring scales with some modifications have been widely used in several studies. Nevertheless,
Kuttappan et al. (2016) point out that it is imperative to score fillets under similar conditions
such as postmortem time, surface wetness and sample temperature as well as humidity, lighting,
and temperature in the room. They also assert that it is more complex to define the scoring scale
for WB myopathy in comparison to the visual scoring applied for WS condition. In fact, Bowker
et al. (2019) conclude that visual characteristics (WS, fillet shape, and hemorrhaging) could not
be accurate indicators of WB incidence and severity since they might cause high
misclassification rates. Thus, the standardization of the scoring system to detect, characterize
and/or classify fillets by WB condition would be required. A recent study has been carried out to
provide a standardized 3-point scoring scale (no, moderate and severe WB) for classification of
WB myopathy based on the hardness of Pectoralis major muscle determined by palpation, which
correlated with meat quality characteristics that are known to be altered by this disorder
(Dalgaard et al., 2018). Although a sorting system based on tactile traits of broiler breast fillets
could provide an accurate evaluation of the WB defect (Bowker et al., 2019), this scoring process
would depend on the knowledge and expertise of the analyst. Therefore, objective, rapid, and
non-destructive in-line methods are required to identify and sort more accurately broiler fillets
with WB abnormality.

Objective Methods
Objective methods have been applied to detect and characterize the WB myopathy in
broiler breast fillets such as instrumental texture analyses (Mudalal et al., 2015; Chatterjee et al.,
2016; Soglia et al., 2017; Dalgaard et al., 2018; Sun et al., 2018; Baldi et al., 2019) and
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meticulous evaluations such as metabolomics analysis and differential gene expression and
pathway analysis (Mutryn et al., 2015; Abasht et al., 2016; Zambonelli et al., 2016). Petracci et
al. (2019) suggest that the application of biomarkers to detect myopathies in live broilers using
biological specimens such as plasma could be a considerable alternative for WB diagnosis.
However, there is still a need for fast and objective in-line identification of WB myopathy for
automatic quality classification (Wold et al., 2017).
The aforementioned objective techniques may involve labor-intensive and timeconsuming procedures of sample preparation and analysis. Thus, advanced and rapid methods
have been assessed to detect and grade the WB myopathy in broiler breast fillets (Yoon et al.,
2016; Wold et al., 2017; Geronimo et al., 2019; Wold et al., 2019). Yoon et al. (2016) studied the
potential of advanced techniques such as optical coherence tomography (OCT) and hyperspectral
imaging to measure subsurface microstructure and optical properties of broiler breast fillets with
WB myopathy. These authors concluded that although the capability of these methods to detect
the WB defect was limited, a fusion of OCT and hyperspectral imaging is suggested to rapidly
and accurately identify and grade broiler breast fillets with WB disorder. Later, a near-infrared
(NIR) spectroscopy method was evaluated to detect and classify WB abnormality in broiler
breast fillets, which was applied on-line in an industrial hyperspectral imaging scanner and could
sort samples passing by on a conveyor belt based on protein content (Wold et al., 2017).
However, Wold et al. (2019) point out that it is critical the depth and location on the breast fillets
where the NIR measurement is carried out due to the heterogeneous distribution of the WB
abnormality. The authors also conclude that the principal reason why NIR spectroscopy is
successful at discriminating between normal and WB fillets is that NIR can measure both the
protein content and how loosely the water is bound to the muscle matrix, which are two
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stablished markers for WB condition. Similarly, Geronimo et al. (2019) suggested that NIR
spectroscopy and Computer Vision System (CVS) can be used as fast and non-destructive
techniques for detecting and grading the WB disorder. Nevertheless, they also affirmed that CVS
and NIR spectroscopy have advantages and disadvantages, and the application of these advanced
techniques is rigorously associated with the specialist knowledge and solution setup.

Potential In-line Control Technologies for Woody Breast Detection and Grading
One of the current contributing factors to the economic losses in the poultry industry
worldwide is the increased labor cost for the detection and grading of WB myopathy, which is
typically performed by manual palpation based on a subjective scale that depends on the training,
sensitivity and knowledge of the scorer (Wold et al., 2017; Sun et al., 2018; Geronimo et al.,
2019). In fact, Petracci et al. (2019) assert that the weakness of the methods such as tactile
evaluation for identifying the WB defect is the main justification to evaluate rapid and nondestructive techniques for WB detection. These authors also highlight important contributing
factors to the financial losses in the poultry industry caused by the WB anomaly such as
condemnation/trimming, reduced yield and value as well as decreased consumer acceptance due
to unwanted sensory properties. Thus, one of the most immediate and current needs in the global
poultry industry is the development of objective, reliable, non-invasive and rapid in-line methods
to detect WB myopathy, so that affected broiler fillets can be automatically sort out from the
production or processing lines (Yoon et al., 2016; Wold et al., 2017; Petracci et al., 2019; Wold
et al., 2019). Addressing this need, some attempts have been recently made with positive results
as well as limitations. Yoon et al. (2016) suggest an amalgamation of OCT and hyperspectral
imaging techniques for fast and non-destructive identification and grading of boneless, skinless
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broiler breast fillets with WB anomaly. However, these authors also report some disadvantages
of both techniques. One of the disadvantages of OCT method would be related to the sample
since the excessive adipose and connective tissues including noticeable white stripes would make
the detection of WB defect more complex and complicated due to normal breast fillets could also
have excessive adipose and connective tissues on their surfaces after trimming. In addition, the
scanning time of a broiler breast fillet would be very long. With respect to the hyperspectral
imaging, although this technique may differentiate adipose, muscle and connective tissues on the
surface of each fillet, results from the spectral analysis revealed that there was no clear difference
between mean spectra of normal and WB samples (Yoon et al., 2016).
On the other hand, it has been also evaluated the application of NIR spectroscopy as a
potential method for the detection and grading of WB defect. Wold et al. (2017) conducted a
research to assess if an NIR imaging system can be applied in-line to identify and categorize the
WB abnormality in broiler breast fillets based on NIR spectra only and NIR spectra coupled with
the estimated concentrations of protein showing high levels of accuracy (99.5 – 100%). The
authors used an optimal decision limit or threshold of 21.9%, which means that fillets with
estimated protein below 21.9% were sorted as WB sample due to the low protein content is
clearly a distinctive feature of broiler breast fillets with WB condition. This approach was also
tested in-line using the protein calibration that was implemented in the NIR scanner showing
levels of WB incidence of 0.1, 6.6 and 8.5% for volumes of 9,063, 6,330 and 10,483 fillets
respectively. Nevertheless, the authors also reported that estimation of protein content could vary
if NIR system measures deeper than 1 cm. In addition, they pointed out that the regression model
included neither WB samples nor spectral shifts because of the degree of water binding in the
muscle. Concerning this matter, Wold et al. (2019) state that it is important the depth and
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location on the breast fillets where the NIR measurement is performed due to the morphological
changes in the muscles affected by WB anomaly are unevenly distributed throughout the fillets.
They also emphasize that the primary reason why NIR spectroscopy is effective at discriminating
between normal and WB fillets is that NIR can measure both the protein content and the degree
of water binding in the muscle, which are two stablished markers for WB syndrome. However,
the authors found that both markers did not differentiate well between fillets exhibiting moderate
and severe levels of WB condition, which can be attributed to a weak correlation between
hardness and either protein content or Bound Water Index (BWI), and the heterogeneous nature
of the WB myopathy.
Recently, Geronimo et al. (2019) recommend that CVS and spectral information from
NIR region can be used to identify and categorize the WB abnormality. They report an accuracy
of 91.8% using a classification approach that involves a combination of image analysis and
Support Vector Machine (SVM) model, whereas the NIR spectral information displayed 97.5%
of accuracy. However, these authors also report some drawbacks of both methods. They argue
that CVS outcomes depend on the quality of images, which could be influenced by external
factors such as ambient illumination or sample handling. In fact, another study highlights that
vision color would not be adequate to detect the WB condition (Yoon et al., 2016). Bowker et al.
(2019) also point out that visual characteristics might not be accurate indicators of WB incidence
and severity since they could lead to significant misclassification rates. On the other hand,
Geronimo et al. (2019) cite that NIR spectroscopy technique has some limitations such as the
lower sensitivity for detecting smaller food constituents and the complexity of selection of
spectral data processing as well as time-consuming calibration procedures. In this context,
Rodriguez-Saona et al. (2017) state that disadvantages of the application of NIR spectroscopy to
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food analysis include the high initial cost of the instrumental implementation and the specific
calibration requirements for each product measured.
Regardless of the effectiveness of aforementioned objective and rapid in-line methods, it
remains unknown the effect of skin on the detection of the WB condition due to those techniques
were developed for boneless, skinless and trimmed broilers breast fillets, so there would be a
limitation in the application of these methods on skin-on carcasses (Petracci et al., 2019). On this
subject, Geronimo et al. (2019) assert that inadequate sample handling can have a negative effect
on the CVS performance for WB detection due to skin sections not removed from carcasses
could be interpreted as striations or repetition patterns. Thus, the importance of the development
of objective, non-invasive and rapid in-line methods to identify the WB myopathy in broiler
carcasses for automatic quality grading prior to further processing operations. As suggested by
Wold et al. (2017) respect to the benefits of a potential automatic identification and classification
of WB in breast fillets, the in-line detection and automatic sorting of broiler carcasses with WB
condition would be also a useful tool for mapping occurrence rates of WB defect at a large scale
and provide information upstream to production chain in order to identify and remove potential
causes of WB disorder linked to production factors. Furthermore, the automatic detection of WB
myopathy in broiler carcasses could also help to identify at some extent the WS myopathy,
which is another increasing and challenging meat quality problem due to WB and WS defects
can be often detected in the same sample (Sihvo et al., 2014; Soglia et al., 2016b). Indeed,
Bowker et al. (2019) reported that among the broiler breast fillets that exhibited severe degrees
of WB condition, about 50.9 and 27.9% of them also presented moderate and severe levels of
WS myopathy respectively. It is important to emphasize that this report was based on multiple
collection days, considering more than 2,600 breast fillets from commercial processing plants.
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IMAGE ANALYSIS
Image analysis is the process used to differentiate regions of interest (ROI) of the objects
from their background and generate quantitative information, which is considered in the
following control systems for decision making (Brosnan and Sun, 2004). This imaging procedure
is a tool applied extensively in the food industry, and it requires different combinations of
hardware and software, in which are important the application of the principles of digital capture,
processing, and measurement (Russ, 2015). Today, digital camera systems and image analysis
methods are habitual, powerful, relatively inexpensive and can form the basis of a real-time
inspection system (Mollah et al., 2010). Certainly, automatic inspection systems are based on
camera and computer technology (computer vision), which include image processing and
analysis. Brosnan and Sun (2004) assert that machine vision or computer vision is known as the
combined use of instruments for non-contact optical sensing, computing and decision procedures
to collect and interpret an image mechanically. These authors also point out that algorithms such
as neural networks, fuzzy logic and genetic algorithms are some of the methods applied to set up
information bases into computer formats.
Digital image processing can improve the visual appearance or prepare them to simplify
subsequent useful measurements, which are extracted to correlate with processing data and
criteria for acceptance, performance or uniformity of the product (Russ, 2015). In the context of
image processing, the aim of sorting is to identify typical features, patterns or structures within a
picture and assign these characteristics to a specific group (Solomon and Breckon, 2011). The
image processing involves a series of digital operations that improves the quality of an image by
rectifying defects such as geometric distortion, unfitting focus, repetitive noise, non-uniform
lighting, and camera motion (Brosnan and Sun, 2004). Other basic image processing functions
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are the image segmentation, Fourier transforms and frequency-domain processing, geometry
assessment (shape), morphological processing, structural measurements, measuring individual
objects, and location (Solomon and Breckon, 2011; Russ, 2015).
Advanced technologies such as hyperspectral imaging have been studied for non-contact
quality and safety inspection in food industry. Yoon et al. (2016) state that hyperspectral imaging
integrates spectroscopy and optical imaging to obtain spatially co-registered images in a predetermined wavelength range of the electromagnetic spectrum to acquire spectral data at each
picture pixel position in the scanned region. This technique is more sophisticated than machine
vision imaging, which is frequently used to detect surface characteristics, such as size/shape,
color, surface texture, or imperfections in food examination, and it is not capable of identifying
chemical, biological, or material properties from the product (Chao et al., 2010). Nevertheless,
issues such as excessive costs, complications with high-speed data collection and process have
restricted the use of hyperspectral imaging to an investigation tool for building separate
multispectral imaging methods and systems (Yoon et al., 2011).

Image Analysis in the Poultry Industry
The poultry industry has had an increasing interest in the use of image analysis because
of its clarity, low-cost and high speed of inspection to reduce or solve problems of subjective
visual evaluations and time-consuming analysis of laboratory (Barbin et al., 2016). Indeed, there
are currently companies who offer advanced in-line vision grading systems, which can evaluate
the whole carcass or parts of slaughtered broilers and sort them conveniently at distinct locations
in the processing plants.
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Among the studies carried out for selection and inspection of poultry carcasses based on
image analysis are the discrimination of abnormal poultry carcasses from normal carcasses (Park
and Chen, 1994), real-time examination of broiler carcasses with fecal contaminants (Yoon et al.,
2011), and in-line wholesomeness inspection of broilers (Chao et al., 2002; Chao et al., 2010).
Martel and Paris (2007) also developed an artificial vision method and system for the inspection
and sorting of poultry carcasses. These authors proposed a system including image acquisition
and processing, verification of processed digital images to detect the presence of at least one
defect (missing carcass, missing leg, missing wing, hole in a leg, and skin condition), and
classification of the carcass according to predefined quality parameters. Recently, Barbin et al.
(2016) suggested that the use of image color identification may be a rapid and effective
technique to detect color features of broiler breast fillets and classify them accordingly.
The image analysis has also been studied to perform other important tasks in the poultry
industry. For example, Mollah et al. (2010) used the image analysis to estimate the live weight of
broiler chickens at various stages of their growth with promising results to assist producers in the
tedious weighing operation. The authors examined their collected pictures using an imaging
software to define the chicken body surface section and generate a linear equation to calculate
roughly weights of the bird.

Potential Application of Image Analysis to Predict Woody Breast Condition
The WB myopathy causes a significant economic loss to poultry producers, and the lack
of an objective tool to identify WB is a contributing factor. Currently, the detection of the WB
characteristics in broiler breast fillets is carried out through a subjective and tedious manual
palpation method (Abasht et al., 2016) with variable scoring scales. Tijare et al. (2016) evaluated
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the degree of WB severity in broiler breasts based on tactile evaluation and suggested the
following scoring scale: 0 (normal fillets), 1 (fillets with mild degree of WB), 2 (fillets with
moderate degree of WB), and 3 (fillets with severe degree of WB). Nevertheless, Kuttappan et
al. (2016) point out that the scoring range for WB requires more adjustments compared to other
myopathies assessed by visual analysis due to the complexity to determine the scale for a tactile
evaluation in comparison with visual examination. This is one of the main reasons why the
poultry processing industry demands a standardized, objective, rapid, and non-destructive
method such as image analysis for more accurate WB detection.
There is a study performed by Yoon et al. (2016), who recommend a fusion of two
complex techniques (optical coherence tomography and hyperspectral imaging) to offer a
detection method to categorize boneless and skinless broiler breast fillets with WB abnormality.
They point out that the application of this fusion represents a prospective tool for poultry
industry; however, there are no studies that prove the effective integration of both complex
techniques. Certainly, studies to develop and provide objective, uncomplicated and affordable
sensing techniques to identify WB condition in whole broiler carcasses and breast fillets are
highly requested by poultry processors.
Currently, there are vision grading systems to inspect and sort broiler carcasses, which
consist of a digital camera, adequate lighting and sophisticated recognition software. These
advanced systems analyze the color, texture, shape, and other characteristics to detect multiple
defects that degrade the poultry meat quality. Chao et al. (2010) report that the use of the
multispectral system, which mechanically identify the region of interest or ROI on broiler
carcass images to control the quality condition of them, can be incorporated into commercial
high-speed inspection systems. If imaging techniques were focused on critical sections of broiler
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carcasses, it might be possible to measure structural features and determine whether there is a
significant correlation between these broiler characteristics and their correspondent degrees of
WB severity, which could be obtained from the instrumental evaluation of hardness according to
Kuttappan et al. (2016). For instance, Mollah et al. (2010) performed a study using the image
analysis to evaluate a specific broiler structural feature. In this research, chicken pictures were
captured by a digital camera centrally placed above the bird at one meter of distance to
subsequently define the body surface-area pixels and estimate the chicken weight through a
mathematical model.
Barbin et al. (2016) assert that the poultry processors might benefit from a protocol that
can predict differences in distinctive color attributes or even categorize samples with quality
issues in accordance with visual characteristics. According to Sihvo et al. (2014), broiler breast
muscles exhibiting WB characteristics were significantly pale with a surface covered with a
narrow layer of clear with somewhat turbid and viscous material as well as spots of hemorrhages.
These superficial features that show specific colors could be obtained from image processing and
analysis, which might be also used to determine whether the color difference of specific sections
on broiler carcass or fillet surfaces are related to WB features. On the contrary, Yoon et al.
(2016) found that the visual difference between normal and severe WB fillet images was not
significant, which suggests that color vision would not be appropriate to detect the WB
abnormality.
Contemporary broiler breast issues such as the WB condition is currently increasing in
the poultry industry, and the development of objective, fast, and reliable methods to detect this
myopathy is important due to its financial implications. Researchers have started to apply
techniques based on image analysis to detect WB (Yoon et al., 2016), but it is still insufficient.
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Thus, the potential application of image analysis to predict WB defect in poultry carcasses is a
promising approach in the poultry industry. The precision of this method of detection might
depend on many factors. It would be necessary to set an adequate procedure of image
acquisition, processing, and analysis using a reliable software to locate, measure and analyze the
relevant sections of the broiler carcasses to detect this myopathy. Automation of these
measurements might allow for the potential incorporation into current in-line vision grading
systems and allow poultry processing plants to identify and sort broiler carcasses by WB
condition. Therefore, based on this brief literature review the development of an imaging system
for WB prediction may be feasible.

POULTRY MEAT PRODUCTS
It is evident that the consumption of poultry meat products has become more and more
popular worldwide that can be the result of an increasing introduction of innovative, convenient,
varied and appealing further processed poultry products (Keeton and Osburn, 2010). Poultry
processors have also benefited from the aggressive marketing, competitive price and favorable
nutritional profile of white meats compared to red meats which are associated with health-related
issues (Barbut, 2015; Petracci et al., 2019). Poultry meat products can be classified in whole
muscle, formed, ground, finely comminuted or emulsified and coated products (Keeton and
Osburn, 2010; Barbut, 2015).

Formed Products
The preparation of sectioned and formed poultry products is based on a combination of
defatted poultry meat pieces or chunks with chilled brine and formed into a specific size and
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shape (Keeton and Osburn, 2010). The key factor in the process is binding the meat pieces
together with optimum strength, which is basically achieved with the help of brine that allows
the extraction of proteins, the mechanical action from mixing or massaging that brings the
dissolved functional proteins to the meat particle surfaces, and the cooking process that allows
the dynamic process of unfolding and coagulation of proteins or formation of protein gel (Aberle
et al., 2001; Keeton and Osburn, 2010). The texture of restructured or formed products depends
on processing conditions, the addition of non-meat ingredients and the degree of extension with
the addition of water and other ingredients (Luckett et al., 2014). In this line, Ferreira et al.
(2018) and Santos et al. (2019) cite that among the factors that can have an influence on the
texture of meat products are the animal age at slaughter, cooking method, oxidation reactions and
reduction in moisture content during storage.

Ground Products
Ground products are typically made from white and dark poultry meat that can include
trimmings, fat, skin and mechanically deboned meat as well as the addition of salt, water, spices
and other non-meat ingredients to aid with water and fat binding (Barbut, 2015). Chicken patties
could be an example of ground and formed poultry products. Patty formation is carried out by
portioning and forming machines that produce massively patties with adequate control of weight
and dimensions; subsequently, patties are frozen and mechanically stacked before packaging
(Aberle et al., 2001). Some ground products such as sausage and pepperoni can be stuffed into
edible or non-edible casings (Barbut, 2015).
One the main factors to be considered in this type of products and in general in meat
products is the meat particle size due to reducing the meat particle size increases the surface area
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and the extraction of myofibrillar proteins that have an effect on the functionality of them
(Barbut, 2015). The comminuting method has a significant effect on the cooking loss, shear force
and sensory attributes of meat products (Berry, 1980; Berry et al., 1987). For instance, the
grinding process contributes to ease of extracting surface soluble proteins, reduce cooking loss,
and improve binding strength (Acton, 1972). Thus, the meat particle size has an important
influence on the quality attributes of meat products.

Emulsified Products
Emulsified meat products such as bologna and chicken frankfurters are typically those of
very homogeneous appearance since they are finely chopped (Barbut, 2015). Keeton and Osburn
(2010) assert that emulsified sausage poultry products are prepared by homogenizing poultry
meat pieces, fat, mechanically separated chicken (MSC) or turkey (MST) in a bowl chopper with
iced water, salt, phosphates, cure, dextrose, modified starch, milk or whey proteins, corn syrup
solids, spices, sodium erythorbate, and other ingredients to an endpoint temperature of about
10°C (50°F); in fact, batter temperatures should not exceed 12.7°C (55°F) to avoid overheating
the fat that may result in quality defects during thermal processing. The formation of a
characteristic batter involves two related transformations: 1) emulsification of dispersed fat
droplets by solubilized proteins, and 2) swelling of proteins and formation of a viscous matrix
that ultimately forms a stable gel upon cooking (Aberle et al., 2001). Proteins are the principal
building blocks of meat products such as emulsified products (Barbut, 2015). Indeed, in sausage
emulsions, proteins act as emulsifying agents by coating all surfaces of the dispersed fat particles
establishing the stability of the product (Aberle et al., 2001). In detail, the comminution process
reduces the particle size of the lean and connective tissues as well as fat particles. The interaction
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of myofibrillar proteins with the salt and water during comminution solubilizes the proteins,
which subsequently unfold and rearrange exposing both hydrophilic and hydrophobic sites to
create a protein film to encapsulate the fat particles to bind water, fat and other protein molecules
(Keeton and Osburn, 2010).

Potential Use of Chicken Meat with Woody Breast Condition
Another urgent and current need in the global poultry industry is the development and
selection of cost-effective alternatives for the use of WB meat once the carcasses or breast fillets
affected by this myopathy are detected and classified (Petracci et al., 2019; Santos et al., 2019)
due to these abnormal fillets show undesirable nutritional and sensorial characteristics that can
negatively impact the consumer acceptability (Petracci et al., 2015; Petracci et al., 2017). Indeed,
the WB disorder has a detrimental effect on broiler breast meat quality by changing functional
properties of the meat that exhibits an altered composition such as higher levels of fat, collagen
and moisture, and lower levels of protein and ash (Soglia et al., 2016a,b; Wold et al., 2017;
Velleman et al., 2018; Baldi et al., 2019). In that context, the preparation of further processed
products using meat affected by WB abnormality could be a possible alternative since the
chemical composition can be modified during formulation (Petracci et al., 2015) as well as
further processing operations can modify meat properties (Aberle et al., 2001), which could
mitigate or minimize undesirable effects on final product quality (Petracci et al., 2019) providing
processors options to face this meat quality problem. In this regard, some attempts have been
made to develop and evaluate poultry meat products using WB meat such as marinated whole
muscle product (Mudalal et al., 2015; Soglia et al., 2016b; Tijare et al., 2016; Bowker et al.,
2018; Maxwell et al., 2018), sausages (Qin, 2013; Madruga et al., 2019), nuggets (Qin, 2013)
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and patties (Sanchez-Brambila et al., 2017; Santos et al., 2019). In addition, functional properties
of meat batters prepared from WB meat have been evaluated (Xing et al., 2017a,b; Chen et al.,
2018). However, it is still necessary to expand potential applications of chicken meat with WB
condition in further processed products. In addition, it may be needed to study the nutritional
value and digestibility of WB meat and derived products (Madruga et al., 2019) as well as the
optimization of the use of fillets at varying degrees of WB severity on poultry meat products.
One of the simplest methods to add value to poultry meat products is the marination
process; however, various studies have demonstrated that the negative effects of WB condition
on quality attributes of breast fillets with this myopathy are not eliminated by vacuum-tumbling
marination (Mudalal et al., 2015; Soglia et al., 2016b; Tijare et al., 2016; Bowker et al., 2018;
Maxwell et al., 2018). The profound degeneration of muscle fibers accompanied by fibrosis,
lipidosis and alterations in fiber membrane integrity caused by WB anomaly would explain the
poor ability to bind water observed in WB samples (Soglia et al., 2016b; Petracci et al., 2019). In
fact, changes in the chemical composition (Soglia et al., 2016a,b; Wold et al., 2017; Baldi et al.,
2019) and reduction in muscle fiber number (Sihvo et al., 2014; Mazzoni et al., 2015) play an
important role in the reduction of water holding capacity in breast fillets affected by WB defect.
On the other hand, it has been demonstrated that the severity of WB myopathy depends on the
muscular depth and location due to the WB defect is heterogeneously distributed throughout the
breast fillet being the superficial section more affected (Soglia et al., 2017; Bowker et al., 2018;
Baldi et al., 2019; Wold et al., 2019). Thus, it has been suggested the portioning of downgraded
breast fillets to separately process the superficial and deep layers (Bowker et al., 2018; Petracci
et al., 2019). However, remaining surface portions along with potential costs generated by the
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portioning process could be still a problem; therefore, it may be needed further processing
solutions for alleviating negative implications on product quality caused by WB condition.
The first study found in this literature review related to the preparation of further
processed meat products using broiler breast fillets with WB condition was conducted by Qin
(2013), who investigated the maximal percentage of WB meat that could be used in sausage and
chicken nuggets without causing a perceived quality defect. This author verified at a pilot plant
scale that formulations of sausage and two types of chicken nuggets (coarsely chopped and
ground) enabled the addition of WB meat to replace 15 and 30% of the normal lean meat without
causing significant quality changes in these products, respectively. He also found that coarser
comminuting methods allowed higher percentages of broiler breast fillets with WB defect in
meat products in comparison with comminuting methods producing finer particles. In fact, he
found, at a laboratory level, that there were no significant differences in shear force, binding
strength, and cook loss values between ground chicken nuggets made from normal and WB
fillets. Nevertheless, the recipe that Qin (2013) used to prepare the chicken nugget made from
ground WB meat included food additives such as whole egg liquid, soy protein isolate, salt and
phosphate, which could have masked the effect of WB myopathy on this product by the
interaction between WB meat and those additives that can modify functional properties such as
water holding capacity and/or texture attributes of cooked meat products (Sanchez-Brambila et
al., 2017). For example, soy proteins are commonly used as binders in products such as meat
patties, meat loaves, and sausages (Barbut, 2015). Thus, the study of the effect of WB condition
on further processed products using only chicken meat at varying degrees of WB severity may be
a suitable approach to evaluate the real negative impact of this meat quality problem and
subsequently optimize formulas for industrial applications including adequate ingredients.
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In another study conducted by Sanchez-Brambila et al. (2017), it was evaluated the effect
of WB anomaly on the texture and cook loss of chicken patties made from ground broiler breast
fillets. These authors affirm that there are no significant differences in shear force and cook loss
between normal and WB cooked patties. They also report that average scores for sensory
attributes of hardness, cohesiveness, juiciness, fibrous, and rate of breakdown were not
significantly different between normal and WB patties; however, WB patties showed lower
springiness and chewiness scores than normal samples. Thus, this research suggests that
unwanted differences in sensory texture features between intact cooked normal and WB fillets
can be minimized in a ground product. However, the benefits of grinding broiler breast fillets
with WB abnormality may depend on several factors such as the meat particle size. Qin (2013)
reports that ground chicken nuggets containing WB meat (replacing the 30% of the total lean
meat in the recipe) processed in a pilot plant using a grinder with a 3-mm plate showed higher
cook loss levels compared to the control, whereas Sanchez-Brambila et al. (2017) did not find
significant differences in cook loss between normal and WB cooked patties prepared using a
grinder with a chopper plate of approximately 6-mm square hole. Madruga et al. (2019) also
observed that although the cook loss values showed increasing trends for WB sausages
elaborated using a grinder with a 10-mm plate, there was no significant difference compared to
normal samples. In contrast, Chen et al. (2018) found significant differences in cook loss levels
between normal and WB meatballs processed using a grinder with a 6-mm plate. Because of
these contrasting results in terms of cook loos levels coupled with a large standard deviation of
this parameter for WB patties found by Sanchez-Brambila et al. (2017), additional research is
needed to confirm the effect of WB myopathy on cook loss levels of ground products prepared at
different meat particle sizes.
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Recent studies have been conducted by Santos et al. (2019) and Madruga et al. (2019)
who assessed the influence of WB anomaly on quality parameters of emulsified chicken patties
and sausages, respectively. In detail, Santos et al. (2019) evaluated the effect of WB syndrome
on physicochemical and sensory characteristics of emulsified chicken patties during frozen
storage for 90 days. This research demonstrates that there is a significant effect of storage time
and WB disorder on the instrumental color parameters of chicken patties, exhibiting the WB
samples paler colors with a reduction in redness, which could be attributed to the typical pale
color of WB fillets (Sihvo et al., 2014). This pale color of WB meat can be associated with an
increased scattering or dispersion of light in the abnormal muscle due to the profound muscle
fiber degeneration that promote smaller volumes of myofibrillar proteins which cause greater
space between filaments (Santos et al., 2019) in addition to the accretion of extracellular water as
a result of edema and inflammatory processes caused by this myopathy (Sihvo et al., 2014;
Petracci et al., 2019). Santos et al. (2019) also report a significant increase in the instrumental
hardness that was observed on normal and WB chicken patties over storage time, where the
normal samples were tougher in comparison with WB samples. The authors suggest that
oxidative reactions may have influenced the texture changes in the assessed chicken patties due
to chicken broilers were slaughtered at a suitable age, the cooking method was consistent, and
the moisture content of all treatments did not change throughout the frozen storage period. They
also indicate that 2-thiobarbituric acid reactive substances (TBARS) values for WB patties were
higher than those for normal samples at the first 30 days and at the end of frozen storage;
however, peroxide index, p-anisidine index, and carbonyl content values for WB samples were
lower than those for normal patties at the end of the storage period. Despite these significative
alterations in lipid and protein oxidation indicators throughout the storage period, Santos et al.
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(2019) did not find a significant effect of WB anomaly on sensory acceptability (odor and color
liking). Finally, these authors suggest that a mixture of 50% of normal breast fillets and 50% of
WB fillets may be the most suitable combination for the development of emulsified chicken
patties. In this line, Madruga et al. (2019) recommend that chicken meat with WB defect could
be used to produce chicken sausages combined or not with normal chicken meat because they
did not find significant differences in water holding capacity levels, L*, a* and b* color
parameters, TBARS levels and texture profile analysis parameters as well as sensory attributes,
the acceptability, and purchase intention between normal and WB chicken sausages. However,
they also report that sausages prepared using especially WB meat showed a lower amount of
protein and higher values of moisture and collagen contents in comparison with normal sausages,
which indicates that there is a significant effect of WB syndrome on chemical composition of
meat products. Therefore, appropriate ingredients may be used to compensate alternations caused
by WB on the chemical composition and oxidative stability of meat products due to it has been
reported that WB fillets are also more susceptible to oxidation (Soglia et al., 2016a).
On the other hand, Chen et al. (2018) affirm that WB meat may not be appropriate to
produce gel-type meat products due to this abnormal meat showed inferior functional properties
through processing. Their research highlights defects caused by WB condition such as decreased
ability to bind water, increased water overflowed during the gelation, and impaired textural
properties that were observed in meatballs prepared from WB meat. These findings are
consistent with those reported by Xing et al. (2017a,b) who also suggest that WB meat could not
be suitable to produce gel-type meat products with low salt levels. The use of high salt levels (≥
3%) may improve the quality of WB products; however, it is not a commercial alternative due to
there are health concerns associated with high-salt foods (Xing et al., 2017b).

33

From the literature review of this section, the effectiveness of the use of WB meat
without causing a perceived quality defect in further processed products could depend on several
factors such as the replacement rate of normal chicken meat in the formulation, meat particle size
(whole muscle, ground, coarsely or finely chopped), optimized incorporation of non-meat
ingredients into the formulation, and concentration of salt.
One of the most urgent challenges and areas for further research is the development of
objective, non-contact, and fast in-line inspection methods and systems to detect and sort broiler
carcasses or fillets affected by WB myopathy due its negative implications on sensory,
nutritional, and technological properties along with important levels of occurrence that have been
contributing to significant economic losses in the global poultry industry. Another area for
further research is the development of profitable alternatives for the utilization of WB meat once
poultry carcasses or fillets affected by this anomaly are accurately detected and sorted. For
instance, the expansion of applications of WB meat in further processed products is needed
accompanied by sensorial and nutritional profile assessments. Additionally, it is necessary to
study the optimization of the incorporation of chicken meat with WB condition into product
formulations considering the potential influence of factors such as the meat particle size and the
addition of adequate food additives for industrial applications.
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II.

USE OF IMAGE ANALYSIS TO IDENTIFY WOODY BREAST
CHARACTERISTICS IN 8-WEEK-OLD BROILER CARCASSES
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ABSTRACT
Woody breast (WB) condition causes significant economic losses to the global poultry
industry and the lack of an objective and fast tool to identify this myopathy is a contributing
factor. The aim of this study was to determine if there are broiler carcass conformation changes
that can be used to identify WB characteristics using image analysis. Images of 8-wk male
broiler carcasses (n = 544) of high breast yielding strain were captured prior to evisceration,
which were processed and analyzed using ImageJ software. Measurements were M0: breast
length; M1: breast width in the cranial region; M2: 1/5th of breast length starting at the tip of
keel; M3: breast width at the end of M2; M4: angle formed at the tip of keel and extending to
outer points of M3; M5: area of the triangle formed by M3 and lines generated by M4; M6: area
of the breast above M3; M7: M6 minus M5. Ratios of these measurements were also considered.
Whole breast fillets were scored for WB severity based on tactile assessment and compression
analysis to correlate them. Spearman's correlation coefficient (rs) between WB scores and
compression force was highly significant (rs = 0.83, P < 0.01). Measurements M4 and M3 as
well as ratios M9 (M3/M2) and M11 (M1/M0) had the highest correlation to WB score (rs ≥
0.70; P < 0.01) and compression force (rs ≥ 0.64; P < 0.01). The best validated model (Gen. R2 =
0.60) to predict WB included M1, M2, and M3. Using this model, 84% of broiler carcasses were
correctly classified as WB or normal with a sensitivity of 82% to detect affected samples.
Alternatively, M4 and M6 as well as ratios M9 and M11 could be considered as predictors in
different models (Gen. R2 ≥ 0.56). Same predictors were significant to estimate compression
force (Gen. R2 ≥ 0.49). These data support the use of image analysis to predict WB condition in
broiler carcasses. The potential integration of these image measurements into commercial in-line
vision grading systems would allow processors to sort broiler carcasses by WB severity.
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INTRODUCTION
An increasing and challenging meat quality problem in the global poultry industry is
known as woody breast (WB) condition, a myopathy that can affect the consumer acceptance
and generate important economic losses (Sihvo et al., 2014; Kuttappan et al., 2016). The WB
defect is characterized by swollen and pale sections with significant hardness in the raw chicken
fillets (Sihvo et al., 2014; Mudalal et al., 2015). This myopathy exhibits histological signs of
muscle fiber degeneration, lipidosis and fibrosis that derive in chicken meat with higher levels of
fat, collagen, and water; thus, lower levels of protein and ash (Soglia et al., 2016; Wold et al.,
2017; Velleman et al., 2018; Baldi et al., 2019), which negatively affects functional properties
such as water holding capacity and modifies texture attributes that result in downgrades and even
condemnations (Hanning et al., 2018; Petracci et al., 2019). Objective and subjective methods
have been applied to identify and characterize the WB anomaly in broiler breast fillets such as
tactile evaluation for degree of hardness, instrumental texture analyses (Mudalal et al., 2015;
Chatterjee et al., 2016; Tijare et al., 2016; Sun et al., 2018), and other detailed assessments such
as metabolomics analysis and detection of differentially expressed genes (Abasht et al., 2016;
Zambonelli et al., 2016).
Even though scientists are trying to solve or reduce the WB incidence, the contemporary
poultry industry demands objective, reliable, fast, non-destructive and non-contact in-line
methods such as image analysis to accurately identify or predict WB characteristics due to its
negative impact on broiler meat quality and yield. Image analysis supplies a useful tool for
measuring the structure of foods, and one of its applications in the food industry is to control
robotics for harvesting and sorting (Russ, 2015). The use of image analysis in the poultry
industry is not a novel approach. Over the past decades, studies based on computer processing of
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images have been applied in the poultry industry in order to offer promising alternatives to carry
out repetitive and tedious activities such as broiler carcass inspection and grading (Park and
Chen, 1994; Chao et al., 2002; Martel and Paris, 2007; Barbin et al., 2016). Advanced methods
have been evaluated to detect WB myopathy at a breast fillet level, such as the fusion of optical
coherence tomography and hyperspectral imaging (Yoon et al., 2016), computer vision system
and the near-infrared (NIR) spectroscopy (Wold et al., 2017; Geronimo et al., 2019). However,
the early WB detection in poultry processing plants would be needed to anticipate potential
problems caused by WB defect on further processing operations such as deboning and portioning
(Hanning et al., 2018). The prediction of WB condition would allow processors to identify and
sort broiler carcasses by WB category. Processing plants would have the opportunity to work
differentially with affected broiler carcasses and develop profitable applications of WB meat in
further processed products. In addition, processors would provide large-scale information
upstream to live production (i.e., incidence rates or other valuable information to monitor factors
associated with WB development) and downstream to further processing lines. Therefore, the
objective of this study was to determine if there are conformational features that can be used to
identify WB characteristics in commercial broiler carcasses using image analysis.

MATERIALS AND METHODS
Processing of Birds
Male broiler carcasses (n = 544) from a commercial high breast yielding strain and age (8
weeks) were studied. All birds were processed at the University of Arkansas Poultry Processing
Pilot Plant according to commercial-based practices (Mahaffey et al., 2006). Broilers were
shackled, electrically stunned (11 V, 11 mA, 10 s), manually cut, bled out (1.5 min), scalded
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(54°C, 2 min), picked in-line using defeathering equipment, manually eviscerated, and rinsed.
After evisceration, birds were pre-chilled at 12°C for 15 min and chilled for 90 min at 1°C in
immersion tanks. Broiler carcasses were manually agitated at consistent intervals throughout the
chilling process. Carcasses without giblets (WOG) were then removed, packed in ice and stored
in a walk-in cooler at 4°C until the deboning time of 3 h postmortem.

Image Collection
Images of broiler carcasses were captured prior to evisceration against a black
background to have a sharp outline of the carcass conformation. Additionally, a ruler was
vertically aligned on the background to set the scale during the image processing and analysis. A
Canon EOS 60D digital single-lens reflex (DSLR) camera (Canon USA Inc., Lake Success, NY)
was used to capture images. The camera was placed centrally in front of the carcass at 1.32 m of
distance from the camera lens to the shackle line. For image collection, the camera was set to
2592 x 1728 pixels and spatial resolution of 72 ppi. Images were captured with an exposure time
of 1/60 s and opening f/5 with a format of JPG image file.

Deboning and Tactile Evaluation
Carcasses were manually deboned by severing the humeral-scapular joint and pulling
firmly downward on the wings at 3 h postmortem. The deboned breast fillets (Pectoralis major)
were scored for degree of hardness using tactile evaluation (Tijare et al., 2016). The WB
categorization considered in the tactile evaluation was the following: 0.0 or 0.5 as normal – NOR
or unaffected fillets of flexible consistency throughout; 1.0 or 1.5 as mild – MIL or partially
affected fillets of hard consistency mainly in the cranial region with some flexibility in middle to
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caudal region, and 2.0, 2.5 or 3.0 for moderate to severe cases of WB myopathy – SEV or
affected fillets of very hard and firm consistency throughout with limited or non-existent
flexibility in middle to caudal region.

Compression Force (CF) Analysis
Compression force (CF) analysis was carried out according to the method described by
Sun et al. (2018) with some modifications. Briefly, the CF was determined in quadruplicate at
predetermined locations in the cranial region of each intact breast fillet using a texture analyzer
(Model TA.XT Plus, Texture Technologies Corp., Scarsdale, NY). Fillet samples were
compressed to 20% of their original height using a 6-mm diameter flat probe with the following
conditions: pre-test speed of 10.0 mm/s, test speed of 5.0 mm/s, post-test speed of 10.0 mm/s,
load cell capacity of 5 kg, and a trigger force of 5 g.

Image Processing and Analysis
After collection, 2-dimensional (2D) and frontal images were processed using the ImageJ
software (National Institutes of Health, Bethesda, MD). Some image processing functions were
used such as vertical rotation and sharpening. Parameters for carcass (hung by the legs)
conformation were the following: M0: breast length [(vertical line from the tip of keel to the
bottom end of cranial region (right side)]; M1: breast width in the cranial region (horizontal line
in the widest section); M2: a vertical line from the tip of keel to 1/5th of breast length; M3:
breast width at the end of M2; M4: angle formed at the tip of keel and extending to outer points
of M3; M5: area of the triangle formed by M3 and lines generated by M4; M6: area of the breast
above M3 line; M7: M6 minus M5. In addition, four ratios [(ratio of M3 to M1 (M8), ratio of M3
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to M2 (M9), ratio of M7 to M5 (M10), and ratio of M1 to M0 (M11)] as described in Table 1 and
shown in Figure 1.

Statistical Analysis
Spearman’s correlation coefficients (rs) were investigated for WB severity scores,
compression force and image measurements. For comparison purposes, the WB classes were
recategorized into two groups to create a binary response data of WB condition status [No =
unaffected or mildly affected fillets (WB scores from 0.0 to 1.5), and Yes = moderately or
severely affected fillets (WB scores from 2.0 to 3.0)]. Least Squares Fit was carried out for
description of WB categories (NOR, MIL, and SEV) and binary response (Yes/No) based on
image measurements from broiler carcasses and instrumental texture analysis in their
corresponding breast fillets. The main effect of WB category or WB condition status were fitted
as a fixed effect. When the main effect was significant, means were separated by Tukey’s HSD
test and Student’s t -test at P-value < 0.05 for WB categories and binary response, respectively.
A stratified random split was used to divide the data into two sets of 70% and 30% for training
and validation, respectively. The ordinal logistic regression platform was initially used to assess
prediction models for the classification of broiler carcasses into three WB categories.
Subsequently, the binary logistic regression analysis was carried out to evaluate and select
suitable prediction models with a binomial distribution for WB condition status. Four statistical
outputs were used to assess the classification performance of prediction models: the overall
misclassification rate (MR) or proportion of wrong predictions or one minus the overall accuracy
of the model, the true positive rate (TPR) or sensitivity which was estimated as the ratio of the
number of correctly classified samples as positive to the total number of positives or samples
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with moderate or severe levels of WB condition, false positive rate (FPR) or one minus
specificity that was estimated as the ratio of the number of incorrectly classified samples as
positive to the total number of negatives, and area under the Receiver Operating Characteristic
(ROC) curve or AUC. In addition, generalized (Gen.) R 2, Root Mean Square Error (RMSE) and
Mean Absolute Deviation (MAD) were also evaluated. Generalized regression platform was
performed to evaluate and select suitable prediction models with a lognormal distribution for
compression force. Adaptive Elastic Net was selected as the estimation method with the
validation column for authentication process. The statistical analysis was achieved using JMP
software, version 14.1.0 (SAS Institute Inc., Cary, NC).

RESULTS AND DISCUSSION
Image Measurements and Compression Force (CF)
The results from this study showed that image measurements from broiler carcasses and
the compression force (CF) of their corresponding deboned breast fillets were significantly
different among WB categories (P < 0.01) (Table 2). The images shown in Figure 3 illustrate the
differences in carcass dimensions among the three WB categories. Broiler carcasses that yielded
breast fillets with SEV levels of WB condition showed greater breast width at cranial (M1) and
caudal (M3) regions (P < 0.05) as well as greater angles at the tip of keel (M4) and breast areas
in the caudal section (M5, M6, and M7) (P < 0.05) in comparison with NOR samples. However,
the breast length (M0) and the vertical line from the tip of keel to 1/5th of breast length (M2)
were shorter for broiler carcasses more severely affected by WB condition compared to NOR
specimens (P < 0.05). With exception to M0 and M2, intermediate dimensions were achieved for
MIL samples (P < 0.05). There have been no reports of morphometric changes in broiler
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carcasses exhibiting WB characteristics; nevertheless, there are some studies that report that the
occurrence and severity of WB and white striping (WS) myopathies are associated with thicker
and heavier (Mudalal et al., 2015; Petracci et al., 2019) as well as wider (Zambonelli et al., 2016)
breast fillets compared to unaffected samples. Indeed, it has been corroborated in this study that
whole breast fillet weights were different among WB categories (P < 0.01). Broiler live and
carcass WOG weights were also different among WB groups (P < 0.01). Broiler carcasses that
yielded MIL and SEV breast fillets were heavier than those that yielded NOR fillets, whereas
NOR and MIL breast fillets were lighter than SEV fillets (P < 0.05). On the other hand, when
analyzing the description of binary response (WB condition status: Yes or No) all image
measurements as well as CF values were significantly different between WB status responses (P
< 0.01). Similarly, live, carcass WOG, and fillet weights were significantly different from each
other (WB Yes > WB No; P < 0.05).
With respect to the CF, breast fillets for broilers more severely affected by WB condition
presented the greatest CF (P < 0.05), whereas NOR samples had the lowest CF (P < 0.05).
Intermediate CF values were achieved for MIL samples that were lower than SEV, but greater
than NOR samples (P < 0.05). The CF results of this research are similar to recent publications
that report higher CF values in breast fillets with SEV levels of WB condition in comparison
with unaffected samples (Soglia et al., 2017; Dalgaard et al., 2018; Sun et al., 2018; Baldi et al.,
2019). On the other hand, relationships between image measurements from broiler carcasses,
WB fillet scores, and CF values were investigated. The positive correlation between WB severity
scores and compression force was highly significant (rs = 0.83, P < 0.01). M9 (M3/M2), M4
(angle at keel), M3 (caudal breast width), and M11 (M1/M0) had the highest correlation to WB
score (rs ≥ 0.70; P < 0.01) and compression force (rs ≥ 0.64; P < 0.01) followed by
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measurements M6, M1, M5, M7, M8, and M10, respectively, whereas M2 and M0, showing the
lowest coefficients, were inversely correlated with WB score (rs = -0.22, P < 0.01) and
compression force (rs = -0.18, P < 0.01) (Figure 2).

Modelling of WB Prediction in Broiler Carcasses Using Image Measurements
Images (n = 544) collected from commercial broiler carcasses were used to develop
models for predicting WB condition. Eight image measurements (M0 through M7) as well as
four ratios [M8 (M3/M1), M9 (M3/M2), M10 (M7/M5), and M11 (M1/M0)] were considered in
the statistical analysis from which four parameters were used to evaluate the quality of the
prediction model [MR (%), TPR (%) or sensitivity, FPR (%) and AUC] in addition to the Gen.
R2, RMSE and MAD outputs. From the total number of images, 381 were used for model
development (training; 70% of data) and 163 for validation (30% of data). These measurements
were initially used to predict three WB categories: normal - NOR (scores: 0.0 – 0.5), mild - MIL
(scores 1 – 1.5), and severe - SEV (scores 2 – 3) using an ordinal logistic regression analysis
from which the performance of the simplest and most suitable prediction model is shown in the
Table 3 and Figure 4. From this analysis, the ability of the model to distinguish the MIL and
SEV categories was between good (0.80 < AUC < 0.90) and excellent (AUC ≥ 0.90), regardless
of the data set (Figure 4). In the training data set, less than 1% of NOR samples would have been
misclassified as SEV samples, whereas approximately 35% of NOR specimens would be
misclassified as MIL samples. For the SEV category, there would be less than 2% misclassified
into NOR group and approximately 24% into the MIL category (Table 3). However, the overall
accuracy of the ordinal logistic regression model with the best subset of predictors (M1, M2, and
M3) was lower (MR > 35%) than that for the binary logistic regression model (MR < 20%). This
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difference in classification accuracy could be explained by the fact that MIL samples were
misclassified considerably (> 21%) into either NOR or SEV categories, which could be expected
as these samples are intermediate in structural features along with meat quality characteristics
when compared to the other WB categories. Thus, the binary response (No: WB scores ≤ 1.5 and
Yes: WB scores ≥ 2.0) using a binary logistic regression analysis was considered to evaluate and
select suitable prediction models for WB condition.
Table 4 presents the most satisfactory prediction models for WB condition status based
on their predictive performance results (MR ≤ 18.37%, TPR ≥ 71.53%, FPR ≤ 13.08%, AUC ≥
0.89, Gen. R2 ≥ 0.56, RMSE = 0.36, and MAD ≤ 0.26). These models included six subsets of
predictors (P < 0.01) as follows: three models using image measurements [M1, M2 and M3
(model 1), M1, M2, and M4 (model 2), and M1, M2, and M6 (model 3)], one model using ratios
[M9 and M11 (model 4)], and two models using a mixture of an image measurement and a ratio
[M1 and M9 (model 5), and M3 and M11 (model 6)]. Regardless of the model, the proportion of
wrong predictions was less than 19%, the proportion of broiler carcasses that were correctly
identified as affected samples with WB condition was greater than 71%, and the proportion of
broiler carcasses that were incorrectly classified as affected samples with WB condition was
lower than 14%. In addition, the ability of the models to distinguish the two levels of the binary
response was between good (AUC ~ 0.89) and excellent (AUC ~ 0.90). Among these models, the
model 1 had the lowest MR (17.06%) followed by models 2, 6, 5, 4, and 3 respectively. Models
1 and 2 showed the highest levels of sensitivity (TPR ≥ 75%), whereas models 4 and 5 had the
lowest FPR (11.81%). When validating the models, the results of Gen. R 2 (≥ 0.57), RMSE (≤
0.35), MAD (≤ 0.25), MR (≤ 19.02%), and AUC (≥ 0.90) were comparable, whereas the TPR (≥
78.69%) and FPR (≤ 17.65%) increased on average 6.99% and 3.22% respectively.
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From these six models, the simplest validated prediction model for WB condition
included M1, M2 and M3 measurements or a mixture of M1 measurement and M9 ratio (P <
0.01) due to the determination of the other potential predictors (M4, M6, and M11) were
involved in more complex procedures. However, poultry processors would define the best model
according to the capability of commercial in-line vision graders. There are vision grading
systems to inspect and classify broiler carcasses, which basically consist of a digital camera,
appropriate lighting and sophisticated recognition software. These advanced systems can detect
multiple poultry carcass defects such as missing parts, holes in certain parts, and abnormal skin
conditions that downgrade the poultry meat quality (Martel and Paris, 2007). In terms of shape
and dimensions, Chao et al. (2010) reported that the use of the multispectral image processing,
which mechanically identify the region of interest or ROI on broiler carcass images, may be
incorporated into commercial high-speed inspection systems to control the quality condition of
them. In another study, the imaging technique was applied to estimate the live weight of broilers
using their body surface-area pixels through a linear equation (Mollah et al., 2010). There have
been no reports of using such systems to detect WB in broiler carcasses.
Table 4 also shows the odds ratios corresponding to each binary logistic model. Odds
ratio represent the proportional change in the odds of obtaining an affected sample with WB
condition vs. unaffected sample for each unit change in the predictor (M1, M2, etc.). For
example, analyzing the odds ratios for the model 1, the odds of observing an affected sample
with WB condition were 3.25 times higher with one-centimeter increase in the breast width at the
cranial region (M1), and the odds were 3.17 times higher with one-centimeter increase in the
caudal region (M3) of broiler carcasses. These results could be related to the findings reported by
Zambonelli et al. (2016), who found that broiler breast fillets affected by WB disorder were
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significantly wider than normal fillets (P < 0.01), which might explain to some extent the
differences in the conformational features between affected and normal broiler carcasses. In
addition, researchers have reported consistently that breast fillets affected by WB are thicker at
cranial, medial and caudal regions of the breast compared to normal broiler breast dimensions
(Mudalal et al., 2015; Zambonelli et al., 2016), which may also contribute to explain the
differences in carcass conformation identified through the image measurements. Sihvo et al.
(2014) observed ridge-like bulges at the caudal end of breast fillets with WB anomaly; in fact,
this feature has been suggested as a discriminant parameter to detect WB fillets (Mudalal et al.,
2015). In contrast, the odds of observing an affected sample with WB condition became 99.18%
smaller with one-centimeter increase in the 20% of breast length (M2) of broiler carcasses. When
analyzing the odds ratios for the other image measurements in the model 2 (M4) and model 3
(M6), the odds of detecting an affected sample with WB myopathy increased by 30.66% and
24.53% with one-degree increase in the angle at keel tip (M4) and one square centimeter increase
in the breast area at the caudal region (M6) of broiler carcasses respectively.
The effectiveness of the prediction model for WB condition status was determined by
introducing the average of M1, M2, and M3 measurements of both NOR samples and broiler
carcasses that yielded breast fillets exhibiting SEV levels of WB condition in the prediction
profiler of nominal logistic platform. From this analysis, the probability of detection for WB
condition in SEV samples was 77.42%, whereas using the average M1, M2, M3 measurements
of NOR or unaffected samples, the probability of detection for WB condition was drastically
reduced to 11.65% (Table 6). These results demonstrate the precision and accuracy of the model
predicting WB condition in broiler carcasses. Although there are no previous reports that have
evaluated objective methods for WB prediction in broiler carcasses, there are some studies that
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applied advanced methods to detect WB myopathy at a breast fillet level such as the fusion of
optical coherence tomography and hyperspectral imaging (Yoon et al., 2016), computer vision
system and the NIR spectroscopy (Wold et al., 2017; Geronimo et al., 2019). Using a computer
vision system, Geronimo et al. (2019) reported a 91.8% of accuracy to classify normal and
chicken breast samples affected by WB anomaly by combining image analyses with a Support
Vector Machine classification model. In this study, using the best validated model, it was
achieved slightly lower accuracy (84.05%); however, the use of three carcass dimensions (M1,
M2, and M3) to potentially sort broiler carcasses by WB severity could be advantageous by
anticipating quality defects that could occur in further processing operations such as portioning,
deboning and marination.

Estimation of Compression Force in Deboned Breast Fillets
The objective of this section was to estimate the compression force, an objective
instrumental method to evaluate fillet hardness, using objective image measurements. Models
from this analysis could provide more objective method to classify fillets into WB categories. In
order to maintain consistency in the study, the best subsets of variables for WB prediction in
commercial broiler carcasses were considered in the statistical analysis to estimate the
compression force in their corresponding deboned breast fillets [M1, M2 and M3 (model A), M1,
M2, and M4 (model B), and M1, M2, and M6 (model C), M9 and M11 (model D), M1 and M9
(model E), and M3 and M11 (model F)]. Although there was not observed a critical difference
among these six models, the model A showed the highest Gen. R 2 (0.53) and the lowest LogLikelihood (881.59) and AICc (1773.35) values, whereas the model D presented the lowest
Gen. R2 (0.49) and the highest -LogLikelihood (895.93) and AICc (1799.96) values. When
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validating the models, the model B showed the highest Gen. R 2 (0.65) and the lowest LogLikelihood (372.99) and AICc (756.37) values, whereas the model D also presented the
lowest Gen. R2 (0.59) and the highest -LogLikelihood (385.53) and AICc (779.32) values. These
results indicate that the most suitable prediction models were model A and B; however, similar
to the results of WB prediction, the best and simplest validated prediction model for compression
force included M1, M2 and M3 measurements.
Table 5 also shows the parameter estimates for each generalized regression model.
Parameter estimates are the change in the response (compression force) associated with a oneunit change of the predictor (M1, M2, etc.), holding all other predictors constant. For example,
analyzing the parameter estimates for the model A, holding all other predictors constant, onecentimeter increase in the breast width at the cranial region (M1) leaded to 23.95% increase in
compression force; this increase was 14.86% with one-centimeter increase in the caudal region
(M3) of broiler carcasses. On the contrary, one-centimeter increase in the 20% of breast length
(M2) of broiler carcasses leaded to 60.58% decrease in compression force holding all other
predictors constant. Analyzing the parameter estimates for the other image measurements in the
model 2 (M4) and model 3 (M6), holding all other predictors constant, one-degree increase in the
angle at keel tip (M4) and one-centimeter square increase in the breast area at the caudal region
(M6) of broiler carcasses leaded to 3.18% and 2.58% increase in compression force
respectively.
Introducing the average of each image measurement of Model A (M1, M2, and M3) of
samples exhibiting severe levels of WB condition in the prediction profiler of generalized
regression platform, the estimated compression force was 10.48 N, whereas using the average
values of M1, M2, and M3 for NOR or unaffected samples, the estimated compression force was
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6.42 N (Table 6). These estimated compression force values were comparable to those
measurements determined using the texture analyzer in the laboratory (Table 2). On the other
hand, it was found that the estimated compression force values were 5.48, 7.32, and 10.48 for
NOR, MIL and SEV categories, respectively using their corresponding M1, M2, and M3
measurements. These estimated compression force values were also comparable to those
measurements determined using the texture analyzer in the laboratory (Table 2). Although
objectives methods such as the hyperspectral imaging technique, that combines characteristics of
spectroscopy and imaging techniques, has been used to predict broiler breast fillet tenderness
(Jiang et al., 2018), it has not been found references of the use of objective morphometric
changes in broiler carcasses to predict another objective measurement such as compression force,
which makes the proposed prediction model a unique method to estimate this important
instrumental texture characteristic.
In conclusion, the results from this study showed that there are conformational changes in
the carcass breast region that could be used to identify WB characteristics in commercial broilers
using image analysis. The compression force of intact raw breast fillets, which was highly
correlated to WB tactile scores, was the objective support to confirm the WB prediction using
image measurements. The accuracy and precision of the application of this method using
automated in-line computer vision systems might depend on several factors such as the adequate
procedure of image acquisition, processing, and analysis using a reliable software with the ability
to locate, measure and analyze the proposed broiler carcass measurements to detect this
myopathy. The potential integration of these image measurements into commercial in-line vision
grading systems would allow processors to identify and sort broiler carcasses by WB category in
addition to provide information downstream to further processing operations and provide
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information upstream to live production. However, further studies are required to validate
relationships when broilers from other ages, strains, and gender are included.
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FIGURES AND TABLES

Figure 1. Structural information from broiler carcass images1
1

Parameters for carcass conformation. M0: breast length; M1: breast width in the cranial region;
M2: a vertical line from the tip of keel to 1/5th of breast length; M3: breast width at the end of
M2; M4: angle formed at the tip of keel and extending to outer points of M3; M5: area of the
triangle formed by M3 and lines generated by M4; M6: area of the breast above M3.
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Compression force vs WB score = 0.83**
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Figure 2. Correlations of image measurements with WB tactile score, and compression force
**

Spearman’s correlation coefficient (rs) was significant (P < 0.01).

A.

B.

C.

D.

E.

F.
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Figure 3. Image measurements that can be potentially included in prediction models to identify Woody Breast (WB) condition in
commercial broiler carcasses1
1

Figure 3A & 3D: M1, M2, M3, M4, and M6 measurements of broiler carcass that yielded unaffected or NOR fillets. Figure 3B & 3E:
M1, M2, M3, M4, and M6 measurements of broiler carcass that yielded fillets partially affected by WB (MIL). Figure 3C & 3F: M1,
M2, M3, M4, and M6 measurements of broiler carcass that yielded fillets moderately or severely affected by WB (SEV).

A.

B.
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Figure 4. Receiver operating characteristic (ROC) curve of mild (MIL) and severe (SEV) Woody Breast (WB) categories using M1,
M2, and M3 measurements in an ordinal logistic regression model1
1

Figure 4A: ROC curve for training data set (n = 381). Figure 4B: ROC curve for validation data set (n = 163).

Table 1. Structural information from broiler carcass images
Measurement

Description

M0

breast length

M1

breast width in the cranial region

M2

a vertical line from the tip of keel to 1/5th of breast length (right side)

M3

breast width at the end of M2 segment

M4

angle formed at the tip of keel and extending to outer points of M3

M5

area of the triangle formed by M3 and lines generated by M4

M6

area of the breast section formed above M3 segment

M7

M6 - M5 (difference of areas M6 and M5)

M8

The ratio of M3 to M1

M9

The ratio of M3 to M2

M10

The ratio of M7 to M5

M11

The ratio of M1 to M0
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Table 2. Description of woody breast (WB) categories and binary response (WB status) based on
image measurements from broiler carcasses and instrumental texture analysis in their
corresponding breast fillets
Woody breast category1

Woody breast status2

Variable
NOR

MIL

SEV

No

Yes

Live weight (g)

4,036 ± 26b

4,168 ± 22a

4,217 ± 24a

4,108 ± 17b

4,217 ± 24a

Carcass (WOG)3
weight (g)

3,199 ± 21c

3,325 ± 19b

3,391 ± 20a

3,268 ± 14b

3,391 ± 20a

Fillet weight (g)

934 ± 8c

1,026 ± 7b

1114 ± 8a

984 ± 6b

1,114 ± 8a

Compression force (N)

4.39 ± 0.11c

7.18 ± 0.18b

11.80 ± 0.29a

5.91 ± 0.13b

11.80 ± 0.29a

M0 (cm)

26.82 ± 0.09a

26.69 ± 0.07a

26.25 ± 0.07b

26.75 ± 0.06a

26.25 ± 0.07b

M1 (cm)

18.33 ± 0.05c

18.97 ± 0.05b

19.50 ± 0.05a

18.68 ± 0.04b

19.50 ± 0.05a

M2 (cm)

5.36 ± 0.02a

5.34 ± 0.01a

5.25 ± 0.01b

5.35 ± 0.01a

5.25 ± 0.01b

M3 (cm)

11.67 ± 0.06c

12.51 ± 0.07b

13.70 ± 0.07a

12.13 ± 0.05b

13.70 ± 0.07a

M4 (°)

94.34 ± 0.34c

98.36 ± 0.35b

104.44 ± 0.31a

96.54 ± 0.27b

104.44 ± 0.31a

M5 (cm2)

31.31 ± 0.20c

33.39 ± 0.22b

35.96 ± 0.21a

32.44 ± 0.16b

35.96 ± 0.21a

M6 (cm2)

40.49 ± 0.32c

43.93 ± 0.35b

49.23 ± 0.38a

42.37 ± 0.26b

49.23 ± 0.38a

M7 (cm2)

9.17 ± 0.18c

10.54 ± 0.19b

13.26 ± 0.21a

9.92 ± 0.14b

13.26 ± 0.21a

M8 (M3/M1)

0.64 ± 0.00c

0.66 ± 0.00b

0.70 ± 0.00a

0.65 ± 0.00b

0.70 ± 0.00a

M9 (M3/M2)

2.18 ± 0.01c

2.35 ± 0.01b

2.61 ± 0.01a

2.27 ± 0.01b

2.61 ± 0.01a

M10 (M7/M5)

0.29 ± 0.01c

0.32 ± 0.01b

0.37 ± 0.00a

0.30 ± 0.00b

0.37 ± 0.00a

M11 (M1/M0)

0.68 ± 0.00c

0.71 ± 0.00b

0.74 ± 0.00a

0.70 ± 0.00b

0.74 ± 0.00a

a-c

Means ± SEM with no common superscripts within a row are significantly different (P < 0.05).
NOR = normal breast fillets (n = 154); MIL = mild WB fillets (n = 185); SEV = moderate or
severe WB fillets (n = 205).
2
No = normal or mildly affected fillets by WB condition (n = 339); Yes = fillets moderately or
severely affected by WB condition (n = 205).
3
WOG – Carcass without giblets.
M0 to M11 – Broiler carcass dimensions described in Table 1.
1
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Table 3. Classification of 8-week-old broiler carcasses into WB categories using M1, M2, and
M3 measurements in an ordinal logistic regression model
Fit details1
Gen. R2

RMSE3

MAD4

Actual

MR5 (%)

Predicted Count2
NOR

MIL

SEV

NOR

69

38

1

MIL

28

71

31

SEV

2

34

107

NOR

27

19

0

MIL

14

27

14

SEV

1

18

43

Training
0.62

0.50

0.43

35.17

Validation
0.51

0.53

0.46

40.49

1

A stratified random split was used to divide the data into two sets of training (n = 381) and
validation (n = 163).
2
NOR = broiler carcasses that yielded unaffected fillets; MIL = broiler carcasses that yielded
fillets partially affected by WB; SEV = broiler carcasses that yielded fillets moderately or
severely affected by WB.
3
RMSE – Root Mean Square Error.
4
MAD – Mean Absolute Deviation.
5
MR – Misclassification Rate.
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Table 4. Binary logistic regression models to predict Woody Breast (WB) condition in 8-week-old broiler carcasses using image
measurements
Prediction
model1

Fit details
Data set2

5

Parameter estimates and Odds Ratio (OR)
6

7
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Model 1

Training
Validation

Gen.
R2
0.57
0.60

0.25
0.24

MR
(%)
17.06
15.95

TPR
(%)
75.00
81.97

FPR
(%)
12.24
14.71

Model 2

Training
Validation

0.57
0.61

0.36
0.34

0.25
0.23

17.32
16.56

75.69
81.97

13.08
15.69

0.90
0.91

M1
M2
M4

1.19
-2.26
0.27

0.28
1.01
0.04

< 0.0001
0.0245
< 0.0001

3.27
0.10
1.31

Model 3

Training
Validation

0.57
0.59

0.36
0.35

0.25
0.24

18.37
19.02

71.53
78.69

12.24
17.65

0.89
0.91

M1
M2
M6

1.30
-6.29
0.22

0.27
0.92
0.04

< 0.0001
< 0.0001
< 0.0001

3.66
1.86 x 10-3
1.25

Model 4

Training
Validation

0.56
0.57

0.36
0.35

0.26
0.25

17.85
17.18

72.22
78.69

11.81
14.71

0.89
0.90

M9
M11

6.11
23.76

0.97
6.49

< 0.0001
0.0003

4.48 x 102
2.08 x 1010

Model 5

Training
Validation

0.56
0.58

0.36
0.35

0.25
0.24

17.59
17.18

72.92
80.33

11.81
15.69

0.89
0.90

M1
M9

0.87
7.18

0.22
0.86

< 0.0001
< 0.0001

2.38
1.31 x 103

Model 6

Training
Validation

0.57
0.60

0.36
0.34

0.25
0.24

17.59
15.95

74.31
81.97

12.66
14.71

0.90
0.91

M3
M11

1.12
33.62

0.17
5.90

< 0.0001
< 0.0001

3.06
3.99 x 1014

RMSE3

MAD4

0.36
0.34

Pr > χ2

OR

1.18
-4.81
1.15

Std.
Error
0.28
0.91
0.18

< 0.0001
< 0.0001
< 0.0001

3.25
8.16 x 10-3
3.17

AUC8

Parameter

Estimate

0.89
0.91

M1
M2
M3

Model 1 = Logit (p) =  + 1 M1 + 2 M2 + 3 M3. Model 2 = Logit (p) =  + 1 M1 + 2 M2 + 3 M4. Model 3 = Logit (p) =  +
1 M1 + 2 M2 + 3 M6. Model 4 = Logit (p) =  + 1 M9 + 2 M11. Model 5 = Logit (p) =  + 1 M1 + 2 M9. Model 6 = Logit
(p) =  + 1 M3 + 2 M11. M1, M2, …, Mn are the independent predictor variables (image measurements), is the intercept, and 1,
2, …, n are the regression coefficients.
2
A stratified random split was used to divide the data into two sets of training (n = 381) and validation (n = 163).
3
RMSE – Root Mean Square Error.
4
MAD – Mean Absolute Deviation.
5
MR – Misclassification Rate.
6
TPR – True Positive Rate (Sensitivity).
7
FPR – False Positive Rate.
8
AUC – Area Under the ROC (Receiver Operating Characteristic) Curve.
1

Table 5. Generalized regression models to estimate compression force in deboned breast fillets from 8-week-old broiler carcasses
using image measurements
Prediction
model1

Fit details

Parameter estimates
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Data set2

Gen. R2

-LogLikelihood

AICc

Parameter

Estimate

Std. Error

Pr > χ2

Model A

Training
Validation

0.53
0.63

881.59
375.66

1773.35
761.70

M1
M2
M3

0.240
-0.606
0.149

0.027
0.090
0.019

< 0.0001
< 0.0001
< 0.0001

Model B

Training
Validation

0.52
0.65

883.51
372.99

1777.19
756.37

M1
M2
M4

0.246
-0.307
0.032

0.027
0.113
0.004

< 0.0001
0.0067
< 0.0001

Model C

Training
Validation

0.51
0.61

888.09
380.77

1786.33
771.92

M1
M2
M6

0.270
-0.806
0.026

0.027
0.086
0.004

< 0.0001
< 0.0001
< 0.0001

Model D

Training
Validation

0.49
0.59

895.93
385.53

1799.96
779.32

M9
M11

0.778
4.667

0.102
0.694

< 0.0001
< 0.0001

Model E

Training
Validation

0.52
0.64

883.15
375.42

1774.40
759.09

M1
M9

0.203
0.945

0.023
0.076

< 0.0001
< 0.0001

0.52
0.63

883.57
377.06

1775.25
762.38

M3
M11

0.164
5.334

0.018
0.570

< 0.0001
< 0.0001

Model F

Training
Validation

Compression Force (CF). Model A: CF = e ( + M1 +  M2 +  M3). Model B: CF = e ( + M1 +  M2+  M4).
Model C: CF = e ( + M1 +  M2+  M6). Model D: CF = e ( + M9 +  M11). Model E: CF = e ( + M1 +  M9).
Model F: CF = e ( + M3 +  M11).
2
A stratified random split was used to divide the data into two sets of training (n = 381) and validation (n = 163).
1

Table 6. Prediction of Woody Breast (WB) condition and compression force in deboned breast
fillets from 8-week-old broiler carcasses using image measurements
Broiler
carcass1

Normal
samples

WB
samples

Image
Measurement2
(cm)

M1

18.68

M2

5.35

M3

12.13

M1

19.50

M2

5.25

M3

13.70

WB status
Probability Probability
(Yes)
(No)

Prediction3
Compression
Force (N)
Most

95% CI

Likely

11.65%

88.35%

No

6.42

6.18 to 6.67

77.42%

22.58%

Yes

10.48

10.00 to 10.98

1

Normal samples: broiler carcasses that yielded unaffected or mildly affected fillets; WB
samples: broiler carcasses that yielded fillets moderately or severely affected by WB condition.
2
Mean values of M1 (breast width in the cranial region), M2 (vertical line from the tip of keel to
1/5th of breast length) and M3 (breast width at the end of M2) measurements.
3
Prediction regression for WB status (model 1): Logit (p) =  + 1 M1 + 2 M2 + 3 M3.
3
Prediction regression for compression force (model A): CF = e ( + M1 +  M2 +  M3).
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III.

DETECTION OF WOODY BREAST CONDITION IN COMMERCIAL
BROILER CARCASSES USING IMAGE ANALYSIS
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ABSTRACT
Image analysis could be an objective and rapid method to identify woody breast (WB)
myopathy and benefit the global poultry industry. The objective of this study was to determine if
there are conformational changes that can be used to detect WB characteristics in commercial
broiler carcasses across strains, gender, and ages using image analysis. A total of 900 images of
male and female broiler carcasses from commercial standard and high breast yielding strains and
5 ages (6 through 10 weeks) were captured prior to evisceration. These images were processed
and analyzed using ImageJ software. Measurements were M0: breast length; M1: breast width in
the cranial region; M2: vertical line from the tip of keel to 1/5th of breast length; M3: breast
width at the end of M2; M4: angle formed at the tip of keel and extending to outer points of M3;
M5: area of the triangle formed by M3 and lines generated by M4; M6: area of the breast above
M3; M7: M6 minus M5. Ratios of these measurements were also considered. Intact breast fillets
were scored for WB severity based on tactile evaluation. Regardless of strain, sex and age, M11
(M1/M0), M9 (M3/M2), and M4 had the highest correlation to WB score (rs ≥ 0.65; P < 0.01).
Overall, the best validated model (Gen. R 2 = 0.61) to predict WB included M1, M2, and M3.
Using this model, 91% of broiler carcasses were properly classified as normal or WB along with
a sensitivity of 71% to detect affected carcasses. Although the predictive performance of models
for detecting WB condition using image measurements was associated with the broiler strain, sex
and age or live weight, these data support the feasibility of the use of image analysis to predict
WB condition in broiler carcasses. The possible integration of these image measurements into
commercial non-contact, non-destructive, and fast in-line vision grading systems would allow
processors to identify broilers with WB and potentially sort, provide large-scale information
downstream to further processing operations and upstream to live production.
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INTRODUCTION
Given the global preference for chicken meat consumption, experts have intensively
selected broilers for rapid growth and high yields (Hanning et al., 2018; Petracci et al., 2019);
however, these improvements have been associated with increasing and challenging myopathies
such as the “Wooden” or “Woody” breast (WB) condition (Mudalal et al., 2015; Petracci et al.,
2015). This WB myopathy is one of the main meat quality problems in the global poultry
industry that is characterized by a noticeable hardness in the chicken breast fillets (Sihvo et al.,
2014; Mudalal et al., 2015). Chicken fillets affected by WB exhibit histological and
physicochemical abnormalities that derives in undesired sensory, nutritional, and technological
properties (Soglia et al., 2016; Baldi et al., 2019; Petracci et al., 2019). These negative
implications coupled with important levels of incidence between 10 to 40% for moderate and
severe cases (Hanning et al., 2018) can result in significant economic losses (Kuttappan et al.,
2016) and the limited availability of objective, consistent, non-contact and rapid in-line methods
to detect this myopathy is a contributing factor.
The identification and classification of broiler breast fillets based on WB severity are
typically estimated by subjective muscle palpation evaluation or laborious and time-consuming
instrumental laboratory techniques. Thus, some advanced objective and rapid methods have
recently been studied for WB detection and sorting such as the computer vision system
(Geronimo et al., 2019) and the near-infrared (NIR) spectroscopy (Wold et al., 2017; Geronimo
et al., 2019; Wold et al., 2019) as well as the fusion of optical coherence tomography and
hyperspectral imaging (Yoon et al., 2016). However, these methods were developed for deboned
breast fillets which do not anticipate potential problems caused by WB myopathy on previous
processing operations such as deboning and portioning (Hanning et al., 2018). Thus, the study of
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potential in-line control technologies for an early detection and objective classification of broiler
carcasses by WB severity needs to be investigated. Efforts to meet these needs have been
presented in Chapter 2 from which it is suggested the use of image analysis to predict WB
condition in broiler carcasses. This Chapter 2 described the development of a method and
presented statistical models for predicting WB condition based on significant relationships
between measurements from broiler carcass images and tactile WB scores validated by
compression force values of their corresponding deboned breast fillets. Nevertheless, further
studies are still needed to validate these relationships when broilers from other strains, gender
and ages are included in the experiment due to various studies report significant differences in
terms of occurrence and severity of myopathies such as WB condition between standard and high
breast yielding strains (Petracci et al., 2013; Mazzoni et al., 2015), males and females (Trocino et
al., 2015; Brothers et al., 2019) and different ages (Kuttappan et al., 2017; Radaelli et al., 2017)
as well as live weights (Cruz et al., 2017). Therefore, the aim of this study was to determine if
there are morphometric changes that can be used to detect WB condition in commercial broiler
carcasses from different strains, gender, and ages using image analysis technique.

MATERIALS AND METHODS
Processing of Birds
A total of 900 male (n = 450) and female (n = 450) broiler carcasses from 3 commercial
hybrids [named according to their breast yields in standard breast yielding (SBY) and high breast
yielding (HBY) strains] and five ages (6, 7, 8, 9 and 10 weeks) were studied. These broilers were
processed at the University of Arkansas Poultry Processing Pilot Plant following commercialbased practices (Mahaffey et al., 2006) with the exception of the chilling process. Birds were
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shackled, electrically stunned (11 V, 11 mA, 10 s), cut, bled out (1.5 min), scalded (54°C, 2
min), picked in-line, eviscerated, and rinsed.

Image Collection
The image acquisition of broiler carcasses was performed before evisceration using a
black background and a ruler that was placed vertically on the background to define the spatial
scale of each image when determining carcass measurements. A Canon EOS 60D digital singlelens reflex (DSLR) camera (Canon USA Inc., Lake Success, NY) was used to capture images.
This device was placed centrally in front of the carcass at 1.32 m of distance from the camera
lens to the shackle line. To collect broiler carcass images, settings of 2592 x 1728 pixels and
spatial resolution of 72 ppi were used. Images were captured with an exposure time of 1/60 s and
opening f/5 with a format of JPG image file.

Deboning and Tactile Evaluation
Broiler carcasses without giblets (WOG) were manually hot-deboned by severing the
humeral-scapular joint and pulling firmly downward on the wings at 2 h postmortem. Whole
breast fillets were scored for degree of hardness by palpation assessment as described by Tijare
et al. (2016). According to the results from the Chapter 2, the scored fillets were categorized into
two groups (binary response): negative response (No) = unaffected fillets or fillets mildly
affected by WB condition (WB scores from 0.0 to 1.5), and positive response (Yes) = fillets
moderately or severely affected by WB condition (WB scores from 2.0 to 3.0).
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Image Processing and Analysis
Images of broiler carcasses were processed using the ImageJ software (National Institutes
of Health, Bethesda, MD). Image processing functions such as vertical rotation and sharpening
were used. The conformational information obtained from broiler carcass images were those
described in Chapter 2. Briefly, M0: breast length; M1: breast width in the cranial section; M2:
1/5th of M0 starting from the tip of keel; M3: breast width in the caudal region; M4: angle
formed at the tip of keel and extending to outer points of M3; M5: the triangle area formed by
M3 and lines generated by M4; M6: the area of the breast above M3; M7: M6 minus M5.
Furthermore, four ratios [(ratio of M3 to M1 (M8), ratio of M3 to M2 (M9), ratio of M7 to M5
(M10), and ratio of M1 to M0 (M11)] were calculated and included in the analysis.

Statistical Analysis
Spearman’s correlation coefficients (rs) were estimated for WB tactile scores and image
measurements. A stratified random split was used to divide the data into two sets of 70% and
30% for training and validation, respectively. A binary response or WB condition status
(Yes/No) was considered in this experiment due to the results from Chapter 2 suggest that it was
the most suitable approach to develop prediction models using measurements from broiler
carcass images. Thus, the binary logistic regression platform was performed to assess and select
suitable prediction models with a binomial distribution for WB condition status (Yes/No). The
predicting quality or classification performance of prediction models were evaluated based on
the statistical outputs considered in Chapter 2. Briefly, the overall misclassification rate (MR = 1
─ overall accuracy), the true positive rate (TPR) or sensitivity (ST), false positive rate (FPR = 1
─ specificity), and area under the ROC (Receiver Operating Characteristic) curve or AUC.
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Moreover, generalized (Gen.) R2, Root Mean Square Error (RMSE) and Mean Absolute
Deviation (MAD) were also considered. Once the best model was selected, the binary logistic
regression analysis was run by broiler strain [high breast yielding (HBY) and standard breast
yielding (SBY) strains], sex (female, male and as-hatched), age (from 6 to 10 weeks), live weight
[< 3.402 kg (7.5 lb) and ≥ 3.402 kg (7.5 lb)], and broiler strain across live weight. The statistical
analysis was achieved using JMP software, version 14.1.0 (SAS Institute Inc., Cary, NC).

RESULTS AND DISCUSSION
Woody Breast (WB) Scores and Measurements from Broiler Carcass Images
Spearman’s correlation coefficients (rs) between WB tactile scores and measurements of
structural information obtained from broiler carcass images are shown in Figure 1. Regardless of
broiler strain, sex and age, ratios M11 (M1/M0, rs = 0.68) and M9 (M3/M2, rs = 0.66) as well as
the image measurement M4 (angle at keel, rs = 0.65) had the highest correlation to WB score (P
< 0.01), whereas measurements M3, M1, M7, M6, M5, and M8 presented a moderate correlation
(0.40 ≤ rs ≤ 0.57; P < 0.01) respectively. On the other hand, the ratio M10 (M7/M5), and
measurements M2 and M0 showed low and very weak correlations to WB score (rs ≤ 0.25; P <
0.05) respectively. The highest correlation coefficients to WB scores showed by M11, M9, and
M4 measurements were comparable to those reported in Chapter 2 (rs ≥ 0.70; P < 0.01), which
additionally highlighted that the same measurements including M3 presented the highest
correlation coefficients to compression force (rs ≥ 0.64; P < 0.01). These relationships support
the hypothesis that the breast conformation of broiler carcasses undergoes a width increase as
WB severity increases, which may be consistent with findings of previous studies (Zambonelli et
al., 2016; Griffin et al., 2018) that reported a significant increase in breast width of fillets
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affected by WB and white striping (WS) defects compared to normal samples. However, Griffin
et al. (2018) reported that the length and width of breast fillets as predictors in a cumulative logit
proportional odds model were inversely related to the WB severity, even though they also
observed that increasing the P. minor width, P. major depth and P. major yield increased the
odds of obtaining a muscle with an increased progression and WB severity. Regardless of these
contrasting reports about the morphometric measurement changes due to WB condition in broiler
breast fillets, the results from this study suggest an evident relationship between WB severity and
broiler carcass features, which provides a basis for further assessment of the use of these image
measurements for predicting the WB condition.

Binary Logistic Regression Models for Predicting WB Condition
Morphometric changes from live broilers or broiler carcasses measured directly or
through image analysis have been used in other studies to predict important indicators such as
chemical composition of broiler carcasses (Chambers and Fortin, 1984), body weight (De Wet et
al., 2003; Mollah et al., 2010) and rigor mortis development in broiler muscles (Cavitt and Sams,
2003). With this in mind, the eight measurements from broiler carcass images (M0 through M7)
and four ratios (M8 through M11) were used as predictor variables in the statistical analysis to
develop and select suitable models for predicting WB condition. The results from the binary
logistic regression analysis showed six prediction models (Table 1) that were the most acceptable
models for predicting WB condition based on their predictive performance outcomes. The binary
logistic regression results of this study were similar to those reported in Chapter 2, which also
presented that the most satisfactory prediction models for WB detection in broiler carcasses were
based on carcass measurements M1, M2, M3, M4, and M6 as well as ratios M9 and M11.
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Regardless of the training and validation sets, established binary regression models
showed an overall accuracy [(1 ─ MR)*100% = the percentage of broiler carcasses that were
correctly classified as WB or normal] greater than 89% with a sensitivity (ST) higher than 56%,
which indicates the proportion of broiler carcasses that were correctly classified as affected
samples with WB condition, and the proportion of broiler carcasses that were incorrectly
identified as affected samples with WB condition was lower than 5%. In addition, the measure of
how well the models can differentiate between two levels of the binary response was excellent
(AUC ≥ 0.92) with a Gen. R2 greater than or equal to 0.56, and RMSE and MAD values less than
or equal to 0.27 and 0.15, respectively. Among these prediction models for WB condition, the
results from the binary logistic regression analysis of the training set showed that the model 1
had the lowest MR (9.05%) and the highest ST (63.21%) and Gen. R 2 (0.65) as well the lowest
MAD value (0.13). When validating the models, the lowest levels of MR (≤ 9%) and the highest
levels of ST (≥ 68%) were presented by models 1, 3 and 6. In addition, all models also displayed
low FPR levels (≤ 5%) and high AUC values (≥ 0.92). These results suggested that the model 1
that included M1, M2, and M3 measurements (Figure 2) had the best classification performance
for predicting WB condition in broiler carcasses; therefore, this model was selected for further
binary logistic regression analyses by broiler strain, sex, age, live weight, and strain across live
weight at slaughter. These outcomes are supported by the conclusions of Chapter 2, which also
reported that the simplest validated prediction model for WB condition included M1, M2 and M3
measurements. However, it is important to emphasize that poultry processors or other experts
might define, among these six established binary regression models, the most optimal model for
WB detection based on the capability of commercial in-line vision grading systems.
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Table 1 also shows the strength of logistic relationships between the binary response
(Yes/No) and predictor variables which was observed in the corresponding odds ratios for each
binary logistic regression model. Analyzing the odds ratios for the model 1, the odds of detecting
an affected sample with WB condition were 4.03 and 6.23 times higher with one-centimeter
increase in the breast width at the cranial (M1) and caudal (M3) regions of broiler carcasses
respectively. Although there are conformational changes in the breast muscle intrinsic to the
selection of broilers for rapid growth and greater yields (Godfrey and Goodman, 1956; Reddish
and Lilburn, 2004; Griffin et al., 2018), the significant increase in physical dimensions observed
in breast fillets with WB myopathy (Mudalal et al., 2015; Zambonelli et al., 2016; Kuttappan et
al., 2017) could help to explain the abnormal increase of the breast width at cranial (M1) and
caudal (M3) sections of broiler carcasses with WB condition compared to normal carcasses.
On the other hand, the odds of observing an affected sample with WB condition became
99.95% smaller with one-centimeter increase in the 1/5th of the breast length (M2) of broiler
carcasses. This result is in agreement with the findings of Griffin et al. (2018), who reported that
the breast fillet length as a predictor was negatively related to the WB severity, which means that
the longer the breast length, the lower the WB severity. Moreover, evaluating the odds ratios for
the other image measurements in the model 2 (M4) and model 3 (M6), the odds of obtaining an
affected sample with WB myopathy increased by 38.40% and 36.77% with one-degree increase
in the angle at keel tip (M4) and one square centimeter increase in the breast area at the caudal
region (M6) of broiler carcasses respectively. According to these results, morphometric changes
were more evident at the caudal region of the breast in broiler carcasses with severe levels of
WB condition. These findings can be tentatively explained by the fact that broiler breast fillets
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with severe degrees of WB myopathy exhibit changes in shape that includes a ridge-like
protuberance at the caudal section (Sihvo et al., 2014; Mudalal et al., 2015; Griffin et al., 2018).

Model Performance Evaluation by Broiler Strain
Table 2 shows a summary of the predictive performance of the selected binary logistic
regression model for detecting WB condition in broiler carcasses by strain. Regardless of the
broiler sex and age or live weight, the high breast yielding (HBY) strain showed a higher ST
(68.54 and 73.53% for training and validation, respectively) compared to the standard breast
yielding (SBY) strain (60.00 and 62.50% for training and validation, respectively); however,
SBY strain presented a slightly lower MR (5.71 and 5.56% for training and validation,
respectively) in comparison with HBY strain (9.76 and 8.89% for training and validation,
respectively). These differences in the predictive performance could be associated with the
genotype factor due to there are differences in the development and degree of WB severity
between broiler strains. There are studies reporting that HBY hybrid showed higher degrees of
myopathic abnormalities coupled with an impaired meat quality compared to SBY strain
(Petracci et al., 2013; Mazzoni et al., 2015). Thus, broilers from HBY strain may exhibit more
conformational changes in their carcass breast region that would result in higher levels of ST,
whereas the higher levels of accuracy found for SBY strain may be attributed to the fact that the
model correctly classified mostly normal samples due to SBY broilers showed lower incidence
and severity of WB condition (data not shown).
On the other hand, both strains presented low FPR levels (< 5%) or high percentages of
specificity [(1 ─ FPR)*100%] (> 95%), which was estimated as the ratio of the number of broiler
carcasses that were correctly classified as negative to the total number of negatives or normal
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and mildly affected samples. In addition, the model displayed an excellent ability to distinguish
the two levels of the binary response for both strains (AUC ≥ 0.93). Analyzing the odds ratio for
each predictor variable, the odds of observing an affected sample with WB myopathy were 4.64
and 3.95 times higher with one-centimeter increase in the measurement M1, whereas the odds
were 6.30 and 6.31 times higher with one-centimeter increase in the measurement M3 of broiler
carcasses from HBY and SBY strains, respectively. In contrast, the odds of observing an affected
sample with WB condition became on average 99.97% smaller with one-centimeter increase in
the measurement M2 of broiler carcasses of both strains.

Model Performance Evaluation by Broiler Sex
In order to evaluate the effect of broiler sex on the predictive performance, the binary
logistic regression analysis was carried out by gender using the selected model. Table 3 shows
the results of this analysis for female, male and as-hatched broilers. In female broilers, the MR
(4.44%) and FPR (1.75%) levels were lower than those for male broilers (13.65 and 8.82% for
MR and FPR, respectively). These differences were more noticeable when analyzing the
validation set of both genders. However, the ST for male broilers were higher in training
(71.43%) and validation (74.29%) sets compared to female broilers (68.97 and 60.00% for
training and validation, respectively), which indicates that the model in male broilers has a better
performance in terms of the proportion of broilers carcasses that were correctly classified as
affected samples among the total number of positives or WB samples. Performance differences
in terms of accuracy and sensitivity of the prediction model could be related to contrasts in the
occurrence and severity of WB myopathy between female and male broilers. Indeed, there are
reports confirming that male broilers showed a higher WB incidence and severity with
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differentiated biological features that could make them more prone to WB condition than female
broilers (Trocino et al., 2015; Brothers et al., 2019). In this experiment, the occurrence of
moderate to severe cases of WB myopathy in male broilers was approximately three times higher
compared to female broilers (data not shown). Therefore, male broilers carcasses could exhibit
more detectable conformational changes that would result in higher levels of ST, whereas the
lower incidence and severity of WB condition in female broiler carcasses could explain the
higher levels of accuracy (> 95%) since the model correctly classified mostly normal carcasses
that was reflected in high levels of AUC (≥ 0.97).
Table 3 also shows the results of the binary logistic regression analysis using all data
(50% females and 50% males), which was classified as as-hatched broilers in this experiment.
Intermediate validated levels of MR (8.52%), TPR or ST (71.11%), FPR (4.44%), and AUC
(0.94) was found for as-hatched broilers, which indicate that the predictive performance of the
model using all data was between those presented by female and male broilers. With respect to
the odds ratio for each predictor variable, an increase of one centimeter in the measurement M1
yielded similar odds of detecting an affected sample with WB condition (on average 4.20) in
male and as-hatched broilers, whereas an increase of one-centimeter in the same dimension
generated higher odds of obtaining an affected sample (7.94) in female broilers. Moreover, the
odds were 10.02, 3.90 and 6.23 times higher with one-centimeter increase in the measurement
M3 of female, male and as-hatched broilers, respectively. In contrast, the odds of observing an
affected sample with WB condition became on average 99.97% smaller with one-centimeter
increase in the measurement M2 of all broiler carcasses.
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Model Performance Evaluation by Broiler Age
The results of the binary logistic regression analysis by age are shown in Table 4.
Regardless of the broiler strain and sex, the best-fit model for WB prediction in broiler carcasses
from 6 and 7 weeks included the image measurement M1 and ratio M9 (Gen. R 2 ≥ 0.52, MR ≤
7.41%, and ST ≥ 50%), whereas the model for broiler from 8 to 10 weeks included image
measurements M1, M2, and M3 (Gen. R 2 ≥ 0.54, MR ≤ 18.52%, and ST ≥ 62.50%). Regardless
of the training and validation sets, the MR levels increased as broiler age increased; however,
they were less than 20%. In the training set, the highest levels of ST were found at 8 (75%) and 9
(74.07 %) weeks of age, whereas the lowest ST level was found at the youngest age (6 weeks,
57.14%). Although the ST values were lower in the validation set, similar patterns were
observed. With regard to FPR and AUC parameters, FPR levels were lower than 6% and AUC
values greater than or equal to 0.95 for broiler carcasses from 6 to 9 weeks of age, whereas FPR
levels for 10-week-old broiler carcasses were higher than 6% and AUC values between good
(0.89, training) and excellent (0.94, validation). As expected, higher levels of WB occurrence
were found in older broilers (data not shown) that could explain differences in the predictive
performance among broilers from different ages. It has been reported high levels of incidence
and degrees of WB severity in older broilers (Kuttappan et al., 2017), which is consistent with
another study showing that the occurrence of broilers with muscle fiber degeneration increases
with age (Radaelli et al., 2017). Validated levels of ST increased from 6 to 8 weeks; however,
this parameter started to decrease at 9 weeks. Thus, high levels of WB incidence did not result
necessarily in high levels of ST since broiler carcasses from 10 weeks of age presenting the
highest WB occurrence rate (data not shown) showed ST levels lower than 8- and 9-week-old
broilers. On the other hand, the highest level of accuracy found in the youngest group of broiler
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carcasses (6 weeks) could be associated with the fact that the model properly sorted mostly
normal carcasses since these birds had the lowest incidence and severity of WB condition.
Additionally, it is important to highlight that validated levels of FPR were low with values less
than or equal to 5% for most broiler carcasses (6 – 9 weeks).
Analyzing the odds ratio for each predictor variable, an increase of one centimeter in the
measurement M1 yielded the highest odds of detecting an affected sample with WB condition in
8-week-old broilers (0.40 x 102) followed by 6-, 9-, 7-, and 10-week-old broilers, respectively.
Moreover, an increase of one centimeter in the measurement M3 also produced variable odds of
obtaining an affected sample in broiler carcasses from 8 (13.64), 9 (11.94), and 10 (4.26) weeks
of age. Conversely, the odds of observing a carcass affected by WB condition became on
average 99.92% smaller with one-centimeter increase in the measurement M2 of broiler
carcasses from 8 to 10 weeks of age. Because one of the predictors of the model was a ratio
(M9), one-unit increase in this ratio yielded considerably high odds ratios of detecting a carcass
affected by WB in broiler carcasses from 6 (7.33 x 104) and 7 (2.70 x 105) weeks of age.

Model Performance Evaluation by Broiler Live Weight
Predictive performance parameters as well as parameter estimates and odds ratios for
broiler carcasses divided by live weight at slaughter (< 3.402 kg and ≥ 3.402 kg) are reported in
Table 5. The results in the training and validation sets showed that lighter birds (< 3.402 kg) had
lower levels of MR (< 6%) and FPR (< 4%) in comparison with heavier broilers. However, the
ST levels were higher for heavier broilers (> 67%) compared to lighter birds, which indicates
that the model in heavier broilers showed a better performance in terms of the proportion of
broilers carcasses that were correctly classified as positive among the total number of carcasses
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moderately or severely affected by WB anomaly. Similar to male, older or HBY broilers, these
higher rates of ST observed in heavier broilers could be associated with higher proportions of
WB occurrence and severity found in this group of birds (data not shown), which is in agreement
with Cruz et al. (2017) who reported that heavier broilers presented higher rates of WB incidence
and severity. Moreover, lower levels of MR could be explained by a lower WB frequency
observed in lighter birds, which indicates that the model properly classified mainly normal
carcasses. On the other hand, the ability to distinguish the two levels of the binary response was
excellent (AUC ≥ 0.93) for both groups.
The strength of logistic relationships between the binary response and predictor variables
for both lighter and heavier broilers was observed in the corresponding odds ratios for each
binary logistic regression output (Table 5). The odds of detecting a carcass affected by WB
anomaly were 5.34 and 4.03 times higher with one-centimeter increase in the measurement M1,
whereas the odds were 14.26 and 4.18 times higher with one-centimeter increase in the
measurement M3 of broiler carcasses corresponding to lighter and heavier birds, respectively. In
contrast, the odds of detecting an affected sample with WB condition was reduced on average by
99.94% with one-centimeter increase in the M2 measurement of broiler carcasses of both groups.
To further evaluate the capacity of the selected model, predictive performance parameters
and other statistical outputs from binary logistic regression analysis performed based on broiler
strain at different live weights are presented in Table 6. Regardless of the data set and within the
HBY strain group, lighter broilers had a high predictive performance in terms of overall accuracy
and specificity due to they presented lower levels of MR (< 5%) and FPR (< 2%) compared to
those for heavier birds (MR > 11% and FPR > 6%). However, heavier birds showed a high
predictive performance in terms of ST (71.62 and 77.42% for training and validation,
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respectively) in comparison with those presented by lighter birds (61.54 and 60.00% for training
and validation, respectively). The capacity of the model to differentiate the two levels of the
binary response was excellent (AUC ≥ 0.92) for both groups. On the other hand, the results in the
training and validation sets for heavier broilers from SBY strain showed lower levels of MR (<
9%) and FPR (< 4%) compared to those for heavier HBY broilers. However, the ST levels for
SBY strain (< 58%) were lower than those for HBY birds (≥ 60%). The AUC values for heavier
broilers from SBY strain (≥ 0.96) were comparable to those presented by lighter broilers from
HBY strain. Note that the results for lighter broilers (< 3.402 kg) from SBY strain were not
shown due to the number of positives or carcasses with moderate or severe levels of WB
condition was insufficient in this group to carry out the binary logistic regression analysis.
Analyzing the odds ratio for each predictor variable (Table 6), the odds of observing an
affected sample with WB condition were on average 4.59 times higher with one-centimeter
increase in M1, whereas the odds were on average 5.20 times higher with one-centimeter
increase in M3 of heavier broiler carcasses from HBY and SBY strains. On the contrary, the
odds of detecting a carcass affected by WB abnormality became on average 99.95% smaller with
one-centimeter increase in the measurement M2 of heavier broiler carcasses of both strains.
The verification of the predictive performance of the selected model was evaluated by
introducing the average for each measurement (M1, M2 and M3) in the prediction profiler. The
result from this analysis based on broiler strain at different live weights are presented in Table 7.
Regardless of the broiler strain and live weight, the actual WB status were consistent with their
corresponding negative and positive predicted probabilities, which indicates that the model was
effective predicting the WB condition in broiler carcasses. However, it is important to
distinguish that the magnitude of predicted probabilities was variable. The negative predictive
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probabilities were high for all groups (≥ 0.96), whereas the positive probability was higher for
heavier broilers from HBY strain (0.79) in comparison with lighter broilers from the same strain
(0.69) and heavier broilers from SBY strain (0.53).
In conclusion, the results from this study support the feasibility of the use of image
analysis of broiler carcass features for detecting WB condition, especially in big birds from high
breast yielding strains for the heavy debone market. Several subsets of measurements (M1
through M4, and M6 as well as ratios M9 and M11) from broiler carcass images could be
included in different statistical models to predict the WB myopathy; nevertheless, the best model
included M1, M2, and M3, which suggests that conformation changes in broiler carcasses are
mainly related to a breast width increase as WB severity increases. Even though the predictive
performance of models for detecting WB condition using image measurements were associated
with differences in incidence rates and degrees of WB severity among broiler strain, sex and age
or live weight, it was found levels of MR lower than 19% with ST values greater than or equal to
50% and FPR levels less than or equal to 11% with good and excellent abilities to distinguish
between the two levels of the binary response (AUC ≥ 0.89). Thus, it may be feasible to integrate
these image measurements into commercial in-line, rapid and non-contact vision grading systems
that would allow processors to identify broiler carcasses with WB to potentially sort, provide
vast amounts of data downstream to further processing operations and upstream to live
production in order to monitor factors associated with the development of WB myopathy.
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Figure 1. Correlations of image measurements with WB tactile scores
**

Spearman’s correlation coefficient highly significant (P < 0.01).
Spearman’s correlation coefficient significant (P < 0.05).

*

Figure 2. Image measurements (M1, M2, and M3) 1 included in the selected binary logistic
regression model to identify Woody Breast (WB) condition in commercial broiler carcasses
1

Predictors are M1: breast width in the cranial region; M2: a vertical line from the tip of keel to
1/5th of breast length; M3: breast width at the end of M2.

94

Table 1. Binary logistic regression models to predict Woody Breast (WB) condition in broiler carcasses using image measurements
Prediction
model1

Fit details
2

Data set

Parameter estimates and Odds Ratio (OR)

0.13
0.13

MR5
(%)
9.05
8.52

TPR6
(%)
63.21
71.11

FPR7
(%)
3.44
4.44
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Model 1

Training
Validation

Gen.
R2
0.65
0.61

Model 2

Training
Validation

0.62
0.58

0.27
0.27

0.14
0.15

9.84
9.63

60.38
64.44

3.82
4.44

0.95
0.93

M1
M2
M4

1.68
-4.40
0.33

0.29
0.99
0.06

< 0.0001
< 0.0001
< 0.0001

5.38
1.23 x 10-2
1.38

Model 3

Training
Validation

0.62
0.58

0.26
0.27

0.14
0.14

10.00
8.52

60.38
68.89

4.01
4.00

0.95
0.93

M1
M2
M6

1.76
-9.45
0.31

0.28
1.06
0.06

< 0.0001
< 0.0001
< 0.0001

5.82
7.91 x 10-5
1.37

Model 4

Training
Validation

0.60
0.58

0.27
0.27

0.14
0.15

10.00
10.00

56.60
57.78

3.24
3.56

0.94
0.93

M9
M11

8.86
26.28

1.30
6.55

< 0.0001
< 0.0001

7.07 x 103
2.60 x 1011

Model 5

Training
Validation

0.63
0.56

0.26
0.27

0.14
0.14

10.79
9.26

58.49
66.67

4.58
4.44

0.95
0.92

M1
M9

0.63
11.10

0.11
1.22

< 0.0001
< 0.0001

1.87
6.62 x 104

Model 6

Training
Validation

0.63
0.61

0.26
0.26

0.14
0.14

10.00
8.52

60.38
73.33

4.01
4.89

0.95
0.94

M3
M11

1.09
48.08

0.15
6.31

< 0.0001
< 0.0001

2.99
7.59 x 1020

RMSE3

MAD4

0.26
0.26

Pr > χ2

OR

1.39
-7.55
1.83

Std.
Error
0.30
1.00
0.28

< 0.0001
< 0.0001
< 0.0001

4.03
5.24 x 10-4
6.23

AUC8

Parameter

Estimate

0.95
0.94

M1
M2
M3

Model 1 = Logit (p) =  + 1 M1 + 2 M2 + 3 M3. Model 2 = Logit (p) =  + 1 M1 + 2 M2 + 3 M4. Model 3 = Logit (p) =  +
1 M1 + 2 M2 + 3 M6. Model 4 = Logit (p) =  + 1 M9 + 2 M11. Model 5 = Logit (p) =  + 1 M1 + 2 M9. Model 6 = Logit
(p) =  + 1 M3 + 2 M11. M1, M2, …, Mn are the independent predictor variables (image measurements), is the intercept, and 1,
2, …, n are the regression coefficients.
2
A stratified random split was used to divide the data into two sets of training (n = 630) and validation (n = 270).
3
RMSE – Root Mean Square Error.
4
MAD – Mean Absolute Deviation.
5
MR – Misclassification Rate.
6
TPR – True Positive Rate (Sensitivity – ST).
7
FPR – False Positive Rate.
8
AUC – Area Under the ROC (Receiver Operating Characteristic) Curve.
1

Table 2. Predictive performance of the selected binary logistic regression model for detecting Woody Breast (WB) condition in
broiler carcasses by strain using image measurements
Fit details2
Strain

Data set

High
Breast
Yielding
(HBY)

Standard
Breast
Yielding
(SBY)
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1

1

Parameter estimates and Odds Ratio (OR)

Gen. R2

RMSE3

MAD4

MR5
(%)

TPR6
(%)

FPR7
(%)

AUC8

Parameter

Estimate

Std.
Error

Pr > χ2

OR

Training

0.65

0.28

0.15

9.76

68.54

3.93

0.95

M1

1.53

0.35

< 0.0001

4.64

Validation

0.62

0.27

0.15

8.89

73.53

4.79

0.93

M2

-8.03

1.19

< 0.0001

3.24 x 10-4

M3

1.84

0.31

< 0.0001

6.30

Training

0.59

0.21

0.09

5.71

60.00

2.11

0.96

M1

1.37

0.62

0.0277

3.95

Validation

0.65

0.19

0.08

5.56

62.50

2.44

0.98

M2

-7.95

2.12

0.0002

3.53 x 10-4

M3

1.84

0.50

0.0003

6.31

A stratified random split was used to divide the data into two sets of training (HBY: n = 420; SBY: n = 210) and validation (HBY: n
= 180; SBY: n = 90).
2
The model used for WB prediction (Model 1): Logit (p) =  + 1 M1 + 2 M2 + 3 M3.
3
RMSE – Root Mean Square Error.
4
MAD – Mean Absolute Deviation.
5
MR – Misclassification Rate.
6
TPR – True Positive Rate (Sensitivity – ST).
7
FPR – False Positive Rate.
8
AUC – Area Under the ROC (Receiver Operating Characteristic) Curve.

Table 3. Predictive performance of the selected binary logistic regression model for detecting Woody Breast (WB) condition in
broiler carcasses by sex using image measurements
Fit details2
1

Sex

Data set

Female

Male

Parameter estimates and Odds Ratio (OR)

Gen. R2

RMSE3

MAD4

MR5
(%)

TPR6
(%)

FPR7
(%)

AUC8

Parameter

Estimate

Std.
Error

Pr > χ2

OR

Training

0.69

0.18

0.07

4.44

68.97

1.75

0.97

M1

2.07

0.58

0.0003

7.94

Validation

0.65

0.18

0.07

4.44

60.00

1.60

0.98

M2

-9.91

2.14

< 0.0001

4.99 x 10-5

M3

2.30

0.64

0.0003

10.02

0.64

0.30

0.18

13.65

71.43

8.82

0.93

M1

1.47

0.37

< 0.0001

4.37

Validation

0.63

0.31

0.17

14.81

74.29

11.00

0.93

M2

-8.03

1.21

< 0.0001

3.25 x 10-4

M3

1.36

0.28

< 0.0001

3.90

97

Training

As-hatched

1

Training

0.65

0.26

0.13

9.05

63.21

3.44

0.95

M1

1.39

0.30

< 0.0001

4.03

Validation

0.61

0.26

0.13

8.52

71.11

4.44

0.94

M2

-7.55

1.00

< 0.0001

5.24 x 10-4

M3

1.83

0.28

< 0.0001

6.23

A stratified random split was used to divide the data into two sets of training (n = 315) and validation (n = 135). As-hatched samples
included all data set (n = 900) divided into two sets of training (n = 630) and validation (n = 270).
2
The model used for WB prediction (Model 1): Logit (p) =  + 1 M1 + 2 M2 + 3 M3.
3
RMSE – Root Mean Square Error.
4
MAD – Mean Absolute Deviation.
5
MR – Misclassification Rate.
6
TPR – True Positive Rate (Sensitivity – ST).
7
FPR – False Positive Rate.
8
AUC – Area Under the ROC (Receiver Operating Characteristic) Curve.

Table 4. Predictive performance of selected binary logistic regression models for detecting Woody Breast (WB) condition in broiler
carcasses by age using image measurements
Age
(wk)
6

7

8

9

Live
weight1
(g)
2,602 ± 21

3,262 ± 25

3,893 ± 29

4,220 ± 33

98
10

1

4,675 ± 38

2

Data set

Fit details3
MR6
TPR7
MAD5
(%)
(%)
0.05
3.97
57.14

8

Training

Gen.
R2
0.63

Validation

0.58

0.20

0.07

5.56

50.00

2.00

0.96

M9

11.20

4.44

0.0116

7.33 x 104

Training

0.65

0.23

0.10

7.14

66.67

3.60

0.96

M1

1.27

0.62

0.0412

3.57

Validation

0.52

0.25

0.09

7.41

57.14

2.13

0.95

M9

12.51

3.28

0.0001

2.70 x 105

Training

0.78

0.20

0.08

6.35

75.00

2.83

0.98

M1

3.68

1.29

0.0044

0.40 x 102

Validation

0.63

0.28

0.10

9.26

70.00

4.55

0.96

M2

-9.56

3.76

0.0110

7.05 x 10-5

M3

2.61

0.92

0.0043

13.64

RMSE4
0.16

FPR
(%)
1.68

Parameter estimates and Odds Ratio (OR)
Std.
Parameter Estimate
Pr > χ2
OR
Error
M1
2.27
1.10
0.0385
9.72

AUC9
0.97

Training

0.74

0.25

0.12

9.52

74.07

5.05

0.97

M1

2.02

0.77

0.0088

7.55

Validation

0.76

0.27

0.13

12.96

64.29

5.00

0.98

M2

-7.32

2.62

0.0052

6.59 x 10-4

M3

2.48

0.84

0.0031

11.94

Training

0.54

0.32

0.21

13.49

64.52

6.32

0.89

M1

1.10

0.45

0.0144

2.99

Validation

0.64

0.32

0.21

18.52

62.50

10.53

0.94

M2
M3

-6.45
1.45

1.76
0.38

0.0003
0.0001

1.57 x 10-3
4.26

Means ± SEM.
A stratified random split was used to divide the data into two sets of training (n = 126) and validation (n = 54).
3
The models used for WB prediction. Model 1: Logit (p) =  + 1 M1 + 2 M2 + 3 M3 (8 – 10 wk). Model 5: Logit (p) =  + 1 M1
+ 2 M9 (6 and 7 wk).
4
RMSE – Root Mean Square Error.
5
MAD – Mean Absolute Deviation.
6
MR – Misclassification Rate.
7
TPR – True Positive Rate (Sensitivity – ST).
8
FPR – False Positive Rate.
9
AUC – Area Under the ROC (Receiver Operating Characteristic) Curve.
2

Table 5. Predictive performance of the selected binary logistic regression model for detecting Woody Breast (WB) condition in
broiler carcasses by live weight using image measurements
Live
weight
(kg)
< 3.402
(< 7.5 lb)

≥ 3.402
(≥ 7.5 lb)

99

1

Fit details2
1

Data set

Parameter estimates and Odds Ratio (OR)

Gen. R2

RMSE3

MAD4

MR5
(%)

TPR6
(%)

FPR7
(%)

AUC8

Parameter

Estimate

Std.
Error

Pr > χ2

OR

Training

0.63

0.19

0.07

4.00

55.56

0.48

0.96

M1

1.68

0.78

0.0317

5.34

Validation

0.53

0.18

0.06

5.15

60.00

3.26

0.98

M2

-7.49

2.46

0.0023

5.57 x 10-4

M3

2.66

0.81

0.0010

14.26

Training

0.60

0.30

0.17

10.62

67.05

4.42

0.93

M1

1.39

0.31

< 0.0001

4.03

Validation

0.68

0.28

0.17

11.56

70.00

6.02

0.95

M2

-7.33

1.09

< 0.0001

6.53 x 10-4

M3

1.43

0.26

< 0.0001

4.18

A stratified random split was used to divide the data into two sets of training (< 3.402 kg: n = 225; ≥ 3.402 kg: n = 405) and
validation (< 3.402 kg: n = 97; ≥ 3.402 kg: n = 173).
2
The model used for WB prediction (Model 1): Logit (p) =  + 1 M1 + 2 M2 + 3 M3.
3
RMSE – Root Mean Square Error.
4
MAD – Mean Absolute Deviation.
5
MR – Misclassification Rate.
6
TPR – True Positive Rate (Sensitivity – ST).
7
FPR – False Positive Rate.
8
AUC – Area Under the ROC (Receiver Operating Characteristic) Curve.

Table 6. Predictive performance of the selected binary logistic regression model for detecting Woody Breast (WB) condition in
broiler carcasses by strain at different live weights using image measurements

Strain
High
Breast
Yielding
(HBY)

100

Standard
Breast
Yielding
(SBY)
1

Live
weight
(kg)

Fit details2
1

Parameter estimates and Odds Ratio (OR)

Data set

Gen.
R2

RMSE3

MAD4

MR5
(%)

TPR6
(%)

FPR7
(%)

AUC8

Parameter

Estimate

Std.
Error

Pr > χ2

OR

< 3.402

Training
Validation

0.62
0.74

0.19
0.16

0.07
0.06

4.43
4.76

61.54
60.00

1.38
1.72

0.96
0.99

M1
M2
M3

2.27
-9.37
2.11

1.03
3.38
0.80

0.0265
0.0055
0.0086

9.72
8.49 x 10-5
8.26

≥ 3.402

Training
Validation

0.62
0.61

0.31
0.32

0.19
0.19

12.41
11.50

71.62
77.42

6.25
7.32

0.93
0.92

M1
M2
M3

1.56
-8.92
1.75

0.38
1.52
0.35

< 0.0001
< 0.0001
< 0.0001

4.75
1.34 x 10-4
5.74

≥ 3.402

Training
Validation

0.57
0.66

0.24
0.22

0.11
0.09

8.09
7.94

56.25
57.14

3.33
3.57

0.96
0.97

M1
M2
M3

1.49
-7.04
1.54

0.66
2.39
0.53

0.0243
0.0032
0.0038

4.43
8.77 x 10-4
4.65

A stratified random split was used to divide the data into two sets of training (HBY, < 3.402 kg: n = 158; HBY, ≥ 3.402 kg: n = 266;
SBY, ≥ 3.402 kg: n = 136) and validation (HBY, < 3.402 kg: n = 63; HBY, ≥ 3.402 kg: n = 113; SBY, ≥ 3.402 kg: n = 63).
2
The model used for WB prediction (Model 1): Logit (p) =  + 1 M1 + 2 M2 + 3 M3.
3
RMSE – Root Mean Square Error.
4
MAD – Mean Absolute Deviation.
5
MR – Misclassification Rate.
6
TPR – True Positive Rate (Sensitivity – ST).
7
FPR – False Positive Rate.
8
AUC – Area Under the ROC (Receiver Operating Characteristic) Curve.

Table 7. Predicted probability1 of Woody Breast (WB) condition in broiler carcasses by strain at different live weights using image
measurements2
Actual Woody breast status3
Strain

Live
weight
(kg)

HBY

4

SBY

No

Yes

M1
(cm)

M2
(cm)

M3
(cm)

Predicted
Probability
(Yes)

Predicted
Probability
(No)

Most
Likely

M1
(cm)

M2
(cm)

M3
(cm)

Predicted
Probability
(Yes)

Predicted
Probability
(No)

Most
Likely

< 3.402

15.21

4.35

9.80

0.00

1.00

No

16.51

4.34

11.36

0.69

0.31

Yes

≥ 3.402

17.73

5.05

11.37

0.04

0.96

No

18.74

5.00

12.83

0.79

0.21

Yes

≥ 3.402

17.44

5.19

11.02

0.01

0.99

No

18.80

5.21

12.87

0.53

0.47

Yes

The model used for WB prediction (Model 1): Logit (p) =  + 1 M1 + 2 M2 + 3 M3 by strain and live weight.
Means (No, HBY, < 3.402 kg: n = 203; No, HBY, ≥ 3.402 kg: n = 274; No, SBY, ≥ 3.402 kg: n = 176; Yes, HBY, < 3.402 kg: n =
18; Yes, HBY, ≥ 3.402 kg: n = 105; Yes, SBY, ≥ 3.402 kg: n = 23).
3
No = normal or mildly affected fillets by WB condition; Yes = fillets moderately or severely affected by WB condition.
4
HBY = high breast yielding strain, SBY = standard breast yielding strain.
1
2
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IV.

INSTRUMENTAL TEXTURE ANALYSIS OF CHICKEN PATTIES
PREPARED WITH BROILER BREAST FILLETS EXHIBITING WOODY
BREAST CHARACTERISTICS
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ABSTRACT
Potential applications of chicken meat with the woody breast (WB) condition in further
processed products could provide processors with alternatives to deal with this meat quality
problem. The objective of this study was to evaluate the effect of the use of broiler breast fillets
at varying degrees of WB severity and proportions on instrumental texture characteristics of
chicken patties. A total of 54 breast fillets were collected from broilers processed according to
commercial practices, previously classified based on tactile evaluation in three WB categories
(normal-NOR; mild-MIL, and severe-SEV). Instrumental compression analysis was performed
to validate subjective scores. Nine treatments with six replicates of chicken patties were
prepared: 100% NOR (T1), 67% NOR + 33% MIL (T2), 67% NOR + 33% SEV (T3), 33% NOR
+ 67% MIL (T4), 33% NOR + 67% SEV (T5), 100% MIL (T6), 67% MIL + 33% SEV (T7), 33%
MIL + 67% SEV (T8), and 100% SEV (T9). Instrumental texture profile analysis along with cook
loss, color, and dimensional changes were evaluated in cooked patties. Compared to normal
samples and excluding treatments T2 and T4, hardness, springiness, and chewiness values of
chicken patties decreased (P < 0.05) as WB severity increased in the meat incorporated into the
formulation. Patties prepared using mixtures of MIL and SEV fillets (T 7 and T8) including T9 had
higher levels of cook loss (> 26%, P < 0.05) accompanied by significant reductions in diameter
(> 16%, P < 0.05) and distinguishable color changes (ΔE*ab > 2) compared to normal patties.
These data indicate that the potential use of WB meat in chicken patties is associated with the
degree of WB severity and the proportion of incorporation. The inclusion of WB fillets at high
levels into this product is not recommended due to their poor functionality. However, the mixture
of normal breast fillets with those affected by WB myopathy at relatively low proportions could
be considered by processors as an alternative in commercial chicken patty formulations.
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INTRODUCTION
Over the past few years, the global poultry industry has been facing the Woody Breast
(WB) condition, an increasing and challenging meat quality problem that is characterized by a
noticeable abnormal hardness in the chicken breast fillets (Sihvo et al., 2014; Mudalal et al.,
2015). This myopathy can cause significant economic losses due to broiler breast fillets affected
by this anomaly show undesirable nutritional and sensorial characteristics that can negatively
impact the consumer acceptability (Petracci et al., 2015), which makes urgent the development
and selection of cost-effective alternatives for the use of WB meat once broiler carcasses or their
corresponding breast fillets affected by this anomaly are effectively detected and classified
(Petracci et al., 2019; Santos et al., 2019). This WB disorder has a detrimental effect on the
broiler breast meat quality by changing its functional properties. Indeed, the WB meat exhibits
an altered composition such as higher levels of fat, collagen and moisture, and lower levels of
protein and ash (Soglia et al., 2016a,b; Baldi et al., 2019).
In the aforementioned context, the preparation of further processed products using
chicken meat affected by WB abnormality could be a possible alternative since the chemical
composition can be modified during formulation (Petracci et al., 2015) as well as further
processing operations can modify meat properties (Acton, 1972; Aberle et al., 2001), which
could mitigate or minimize undesirable effects on final product quality (Petracci et al., 2019)
providing processors options to face this meat quality problem. In this regard, some attempts
have been made to develop and evaluate poultry meat products using WB meat such as
marinated whole muscle product (Mudalal et al., 2015; Soglia et al., 2016b; Tijare et al., 2016),
sausages (Qin, 2013; Madruga et al., 2019), nuggets (Qin, 2013) and patties (Sanchez-Brambila
et al., 2017; Santos et al., 2019). Moreover, functional properties of meat batters prepared from
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WB meat have been assessed (Xing et al., 2017; Chen et al., 2018). However, further research is
still needed to understand the impact of using chicken meat with different degrees of WB
severity at varying proportions in poultry meat products. For instance, none of these trials have
used broiler breast fillets partially affected by WB myopathy at different proportions in their
experimental designs. In addition, most of these studies have included food additives in their
product formulations such as salt and phosphates, which could have masked the effect of WB
myopathy on these products by the interaction between WB meat and those additives that can
modify functional properties such as water holding capacity and texture attributes of cooked
meat products (Sanchez-Brambila et al., 2017). With this in mind, investigating the effect of the
application of only broiler breast fillets of different WB categories at varying proportions in
processed products could be a suitable approach to evaluate the actual impact of this meat quality
issue, which could serve as a base for the development of formulas including adequate
ingredients for industrial applications. Thus, this study aimed to assess the effect of the use of
broiler breast fillets at different degrees of WB severity and percentages on instrumental texture
characteristics of chicken patties in addition to other quality traits.

MATERIALS AND METHODS
Sample Collection
Breast fillets (Pectoralis major) were collected from commercial broilers (high breast
yielding strain and 8 weeks of age) processed at the University of Arkansas Poultry Processing
Pilot Plant according to commercial-based practices (Mahaffey et al., 2006). Briefly, broilers
were shackled, stunned, cut, bled out, scalded, picked, eviscerated, and rinsed. Subsequently,
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broiler carcasses were pre-chilled (15 min at 12°C), chilled (90 min at 1°C), packed in ice and
stored at 4°C until the deboning time of 3 h postmortem.
Boneless and skinless breast fillets were scored for degree of hardness using tactile
inspection (Tijare et al., 2016). The scored fillets were classified into three WB categories, as
follows: 0.0 or 0.5 as normal (NOR) fillets of flexible consistency throughout; 1.0 or 1.5 as mild
(MIL) or partially affected fillets of hard consistency mainly in the cranial region exhibiting
some flexibility in middle to caudal region, and 2.0, 2.5 or 3.0 for fillets moderately or severely
affected by WB anomaly (SEV) or fillets of very firm and hard texture throughout with nonexistent or limited flexibility in middle to caudal region. In parallel, instrumental compression
force analysis was performed to validate subjective scores. After WB scoring and compression
force analyses, a total of 54 classified fillets (18 per WB category) were packed in zip-sealed
plastic bags and stored overnight at 4°C.

Meat Quality Characteristics
Compression force (CF) assessment was determined on intact fillets by averaging four
readings at predetermined locations in the cranial section of each fillet using a texture analyzer
(Model TA.XT Plus, Texture Technologies Corp., Scarsdale, NY). Broiler breast fillets were
compressed to 20% of their initial height with a 6-mm diameter flat probe using the following
settings: pre- and post-test speeds of 10.0 mm/s, test speed of 5.0 mm/s, load cell capacity of 5
kg and a trigger force of 5 g (Sun et al., 2018). At 24 h postmortem, instrumental color (CIE L*
= lightness, a* = redness, and b* = yellowness) was measured in triplicate on the dorsal surface
(bone side) of each fillet using a calibrated colorimeter (Model CR-400, Konica Minolta Sensing

106

Inc., Osaka, Japan), whereas the pH was determined at the cranial end section of each fillet using
a portable pH meter (Model Testo 205, Testo Inc., Sparta, NJ).

Preparation of Chicken Patties
Nine formulations or treatments (T1 through T9) with six replicates of chicken patties
were prepared from broiler breast fillets at varying degrees of WB severity as described in Table
1. The entire cranial region of breast fillets was cut, trimmed, and ground separately by WB
category using an electric meat grinder (Chefmate, CC12; GFE, Dayton, OH) through a 3-mm
plate. Subsequently, the ground breast meat groups were added into the recipe according to the
proportions shown in the experimental design (Table 1). Each combination or treatment was
manually mixed until a homogeneous consistency was obtained and then placed in a plastic Petri
dish to obtain a consistent circular-shaped chicken patty (diameter: 87 mm, height or thickness:
15 mm; weight: 85 g). Samples were individually vacuum-packed and stored at -22°C until
cooking for further analysis.

Sample Cooking
Frozen chicken patties were thawed at 2°C for 24 h and cooked on a preheated (150°C)
20-inch electric griddle (Model 0705305, National Presto Industries Inc., Eau Claire, WI) turning
them at 3 min until the targeted core temperature reached 75°C. Internal patty temperatures were
recorded using a 12-channel Digi-sense scanning thermometer (Model 69200-00; Barnant Co.,
Barrington, IL). Cooked patties were cooled to room temperature (23 ± 2°C) and analyzed.
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Determination of Cook Loss and Dimensional Changes
The patties were weighed before and after cooking to determine the percentage of cook
loss according to the formula: cook loss (%) = [(raw patty weight − cooked patty weight)/ raw
patty weight] × 100. The diameter and height of raw and cooked chicken patties were measured
at three different points per sample using a digital Vernier caliper (Model W80152, Wilmar
Corp., Tukwila, WA). The values from the three points for each dimension were averaged before
further use. Reduction levels (%) in diameter and height were determined using the formula:
reduction in diameter or height (%) = [(raw patty measurement − cooked patty measurement)/
raw patty measurement] × 100.

Instrumental Color Evaluation
Instrumental color (CIE L* = lightness, a* = redness, and b* = yellowness) was measured
in triplicate on the cross-sectional surface of each cooked chicken patty using a calibrated
colorimeter (Model CR-400, Konica Minolta Sensing Inc., Osaka, Japan). The settings of
illuminant D65 and 2° observer (Caldas-Cueva et al., 2016) were used. The total color difference
(ΔE*ab) was calculated to evaluate the overall color change between a given cooked chicken
patty and the reference sample which was the cooked chicken patty prepared with 100% of
normal or unaffected broiler breast meat. The ΔE* ab value was determined according to the
formula: ΔE*ab = [(L*i – L*o)2 + (a*i – a*o)2 + (b*i – b*o)2]1/2, where L*o, a*o and b*o were the
values of the color reference (normal chicken patty) and L* i, a*i and b*i were the values of each
chicken patty evaluated.
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Texture Profile Analysis (TPA)
Texture profile analysis (TPA) was carried out at room temperature (23.0 ± 2°C) with a
texture analyzer (Model TA.XT Plus, Texture Technologies Corp., Scarsdale, NY). Cylindrical
test samples (diameter: 23.0 mm and thickness: 14.4 mm) were taken from the central portion of
each cooked chicken patty using a corer and subjected to a two-cycle compression test. Test
samples were compressed to 25% of their original height using a cylindrical probe of 5.08 cm in
diameter with the following settings: pre-test speed of 1.0 mm/s, test speed of 2.0 mm/s, post-test
speed of 2.0 mm/s, load cell capacity of 5 kg, and a trigger force of 5 g. The test samples were
analyzed for four TPA parameters: hardness (N), cohesiveness, springiness, and chewiness (N).

Statistical Analysis
Data were analyzed using a one-way ANOVA with WB category (for meat quality
characteristics) or treatment factor (for TPA parameters, instrumental color parameters, cook loss
levels, and reduction levels in dimensions of cooked chicken patties) fit as fixed effect. When the
main effect was significant, means were separated by Tukey’s HSD test at P-value < 0.05. The
simplex lattice mixture design (SLMD) was used to estimate suitable combinations of normal or
unaffected broiler breast meat (X1), mild WB meat (X2) and moderate or severe WB meat (X3)
to produce acceptable products. The estimation of feasible mixtures was based on TPA
parameters, cook loss levels, and reduction levels in dimensions of chicken patties prepared with
100% of normal broiler breast fillets. The statistical analysis was achieved using JMP software,
version 14.3.0 (SAS Institute Inc., Cary, NC).
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RESULTS AND DISCUSSION
Meat Quality Characteristics
The results from this study showed that quality characteristics of raw broiler breast fillets
were significantly different among WB categories (P < 0.01) (Table 2). Broiler breast fillets
severely affected by WB anomaly were heavier than normal breast fillets (P < 0.05), which was
consistent with other studies (Mudalal et al., 2015; Dalle Zotte et al., 2017) confirming the
association of WB incidence with heavy weight of broiler breast muscles that could be related to
the intensive selection of broilers for rapid muscle growth and high yields (Sihvo et al., 2014;
Petracci et al., 2015; Petracci et al., 2019). Broiler breast fillets partially affected by WB defect
were also heavier than normal breast fillets, but lighter than severely affected samples (P < 0.05).
With respect to the compression force (CF), breast fillets from broilers more severely
affected by WB condition presented the highest CF value (P < 0.05), whereas NOR samples had
the lowest CF (P < 0.05). Intermediate CF values were observed in MIL fillets that were lower
than those for SEV ones, but higher than CF values for NOR samples (P < 0.05). The CF results
of this study are similar to previous reports that highlight higher CF values for breast fillets
severely affected by WB condition in comparison with unaffected or normal samples (Mudalal et
al., 2015; Soglia et al., 2017; Sun et al., 2018; Baldi et al., 2019). In this regard, some authors
state that abnormal hardness of WB meat could be associated with the fibrosis as a result of the
accumulation of highly cross-linked collagen fibrils (Velleman et al. 2017), which is in
agreement with another study (Soglia et al., 2017) that suggests that the increased amount of
connective tissue components observed in WB fillets leads to a high degree of inherent strength
that results in modified textural properties.
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Muscle pH values increased (P < 0.05) as WB severity increased in broiler breast fillets.
Fillets severely affected by WB condition showed higher (P < 0.05) pH values in comparison
with normal fillets, which was consistent with recent publications (Dalle Zotte et al., 2017;
Sanchez-Brambila et al., 2017; Madruga et al., 2019; Baldi et al., 2019). The higher pH values
within abnormal broiler breast fillets could be related to a reduction of the glycogen content or
modification of the onset of acidification during the postmortem time caused by this myopathy
(Mudalal et al., 2015). With respect to the instrumental color, fillets severely affected by WB
anomaly showed significantly higher (P < 0.05) values of lightness (L*), redness (a*), and
yellowness (b*) in comparison with normal samples. There is no consensus about the
instrumental color characterization of WB meat which may be associated with the irregular
distribution of this myopathy throughout the breast fillet in addition to the presence of small
hemorrhages on the abnormal meat surface (Sihvo et al., 2014; Dalle Zotte et al., 2017; Santos et
al., 2019). However, the results from this study were consistent with the data published by Dalle
Zotte et al. (2017) and Geronimo et al. (2019), who reported higher values of L*, a*, and b*
parameters for breast fillets exhibiting severe levels of WB condition compared to normal fillets.
Typical pale colors of WB meat (Sihvo et al., 2014) that were also observed in this experiment
could be related to an increased scattering or dispersion of light in the abnormal meat due to the
muscle fiber degeneration (Santos et al., 2019) along with the accretion of extracellular water as
a result of edema and inflammatory processes (Sihvo et al., 2014; Petracci et al., 2019).

Cook Loss and Dimensional Changes of Chicken Patties
The water holding capacity was evaluated through the determination of the cook loss
level in chicken patties. The effect of WB severity on the cook loss levels of chicken patties is
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shown in Figure 1. The results showed that chicken patty treatments T 5 and T7 through T9 had
higher cook loss levels compared to patties made from normal breast meat or treatment T 1 (P <
0.05), which suggested that the cook loss of chicken patties increased (P < 0.05) as WB severity
increased in the broiler breast meat added into the product formulation. These significant
increasing trends in cook loss levels were accompanied by a significant (P < 0.05) reduction in
diameter of chicken patties prepared using combinations of ground breast meat partially and
severely affected by WB abnormality (T7 and T8) including the treatment T9 in comparison with
normal patties. Nevertheless, the reduction levels in height or thickness were not significantly (P
> 0.05) different among chicken patty treatments.
The poor ability to bind water observed in WB samples could be explained by the
degeneration of muscle fibers accompanied by fibrosis, lipidosis and alterations in fiber
membrane integrity caused by WB anomaly (Soglia et al., 2016b; Petracci et al., 2019). Indeed,
changes in the chemical composition (Soglia et al., 2016a,b; Baldi et al., 2019) and reduction in
muscle fiber number (Sihvo et al., 2014; Mazzoni et al., 2015) play an important role in the
reduction of water holding capacity in breast fillets affected by WB defect, which could have
been reflected in the chicken patty samples. It has also been hypothesized that the higher
proportion of extra-myofibrillar water and the greater mobility of intra-myofibrillar water could
be responsible for the increased losses of fluids during cooking in WB meat (Soglia et al.,
2016a), which may have also been reflected in the chicken patty treatments.
It has been suggested that unwanted differences in sensory texture features between intact
cooked normal and WB fillets can be minimized in a ground product (Sanchez-Brambila et al.,
2017). However, the benefits of grinding broiler breast fillets with WB condition may depend on
important factors such as the meat particle size. In fact, the importance of the meat particle size
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reduction is related to the increase in the surface area and the extraction of myofibrillar proteins
that influence the functionality of them (Barbut, 2015). In this study, breast fillets were ground
separately by WB category using an electric meat grinder through a 3-mm plate. In this regard,
Qin (2013) reported that ground chicken nuggets containing WB meat (replacing the 30% of the
total lean meat in the recipe) processed in a pilot plant using a grinder with a 3-mm plate
presented higher cook loss percentages compared to normal samples, whereas Sanchez-Brambila
et al. (2017) did not find significant differences in cook loss levels between normal and WB
patties produced using a grinder with a chopper plate of approximately 6-mm square hole.
Madruga et al. (2019) also observed that although the cook loss results displayed increasing
trends for WB sausages prepared using a grinder with a 10-mm plate, there was no significant
difference in comparison with normal samples. In contrast, Chen et al. (2018) found significant
differences in cook loss levels between normal and WB meatballs processed using a grinder with
a 6-mm plate. Because of these contrasting results in terms of cook loss levels in addition to the
large standard deviation of this parameter for WB patties reported by Sanchez-Brambila et al.
(2017), further research is needed to confirm the effect of WB myopathy on cook loss levels of
ground products prepared at different meat particle sizes along with an evaluation of the effect of
incorporation of ingredients into the formulation that can have contributed to these differences.

Texture Profile Analysis (TPA) of Chicken Patties
The instrumental texture profile analysis (TPA) of cooked chicken patties prepared with
broiler breast fillets at varying degrees of WB severity is shown in Table 3. The use of broiler
breast fillets with WB condition modified significantly (P < 0.05) instrumental texture
characteristics of cooked chicken patties. Chicken patties prepared with ground broiler breast
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severely affected by WB condition or treatment T9 presented lower average values of hardness,
cohesiveness, springiness, and chewiness than normal chicken patties or treatment T 1 (P < 0.05).
Chicken patties prepared with ground broiler breast partially affected by WB syndrome or
treatment T6 also had lower hardness, springiness and chewiness values than normal samples (P
< 0.05), but they showed higher hardness and chewiness values than treatment T 9 (P < 0.05). In
this regard, Chen et al. (2018) also reported that the TPA hardness, cohesiveness, springiness,
and chewiness values of meatballs made from WB meat were significantly lower than those for
normal samples, highlighting defects caused by WB disorder such as decreased ability to bind
water and increased water overflowed during the gelation. Moreover, Xing et al. (2017) found
that the TPA hardness and cohesiveness of thermal-induced gels prepared from WB meat were
significantly lower than those for normal samples at different salt concentrations (0 – 4%),
describing that the gel formed by WB meat batter was more irregular. Recently, Santos et al.
(2019) also observed that normal emulsified chicken patties were tougher in comparison with
WB samples. However, there are some authors (Madruga et al., 2019) who did not find
significant differences in TPA parameters between normal and WB chicken sausages. In another
study conducted by Sanchez-Brambila et al. (2017), it was observed that the average scores for
sensory attributes of hardness, cohesiveness, juiciness, fibrous, and rate of breakdown were not
significantly different between normal and WB patties; however, WB patties showed lower
springiness and chewiness scores than normal samples (P < 0.05).
With exception to treatments T1 through T4, the hardness of chicken patties decreased (P
< 0.05) as WB severity increased in the broiler breast meat incorporated into the formulation.
Furthermore, excluding treatments T1, T2 and T4, the chewiness of chicken patties decreased (P <
0.05) as WB severity increased in the broiler breast meat added to the product formulation.
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These abnormal texture characteristics could be observed in Figure 3, which illustrates irregular
structure in test samples of cooked patties starting from treatment T 5 that is more evident as
treatment number increases. The impaired instrumental texture properties observed in chicken
patties made from WB meat could be associated with the severe degeneration of muscle fibers
and reduction of myofibrillar proteins caused by this anomaly (Mudalal et al., 2015; Soglia et al.,
2016b) which in turn generates more irregular and disorderly arranged gel structures (Xing et al.,
2017) that can be reflected in the final product quality. It is important to highlight that although
there were significantly higher levels of cook loss and reduction in diameter in WB patties, the
TPA hardness and chewiness of these samples were still significantly lower than those for
normal samples, which may be related to the fact that WB meat typically shows lower levels of
myofibrillar proteins (i.e., less functional abilities).

Instrumental Color Measurements of Chicken Patties
The results of the internal color evaluation of cooked chicken patties are shown in Table
4. The L* parameter did not change significantly (P > 0.05), whereas a* and b* parameters were
significantly different among treatments (P < 0.01). Chicken patties prepared from ground
broiler breast meat partially (T6) and severely (T9) affected by WB anomaly displayed a
significant increase (P < 0.05) in a* parameter by 0.32 and 0.35 units, respectively in comparison
with normal samples. In contrast, chicken patties produced using ground breast meat
combinations at MIL and SEV levels of WB severity (T 7 and T8) including the treatment T9
showed a significant reduction (P < 0.05) in b* parameter compared to normal samples.
Although the L* parameter was not significantly (P = 0.07) different among treatments, it was
visually observed paler colors on the cross-sectional surface of cooked chicken patties containing
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high proportions of WB meat that might be associated with the typical pale color of WB fillets
(Sihvo et al., 2014) that was also reported in this study (Table 2).
Overall color changes were evaluated through the calculation of the total color difference
(ΔE*ab) between a given chicken patty and the reference sample or control which was the cooked
chicken patty prepared with 100% of unaffected breast meat (T1). Table 4 shows that only T9
treatment had a significantly (P < 0.05) higher ΔE*ab value compared to treatments T2 through
T6. However, the interpretation of ΔE*ab results were carried out using the criteria suggested by
Francis and Clydesdale (1975), who considered that changes in instrumental color measurements
are visually noticeable when ΔE*ab values are higher than 2, whereas these color modifications
are obvious or evident for the human eye when ΔE*ab values are higher than 3. In this sense,
patties produced using combinations of MIL and SEV fillets (T 7 and T8 treatments) including T9
treatment showed noticeable internal color modifications (ΔE* ab > 2) when compared with
normal patties. In other words, differences in internal color between these cooked patties and the
control may be noticed by consumers. On the other hand, T 8 and T9 treatments exhibited evident
internal color changes (ΔE*ab > 3) compared to normal samples.
Significant increasing trends were observed in ΔE*ab values as WB severity increased in
the meat incorporated into the chicken patty formulation, which could be explained basically by
changes in a* and b* parameters as well as the increasing trends observed in L* parameter. The
redness of chicken patties increased (P < 0.05), whereas the yellowness decreased (P < 0.05) as
WB severity increased in the meat added to the product formulation. In this regard, Santos et al.
(2019) reported a significant effect of WB disorder on the instrumental color parameters of
emulsified chicken patties, exhibiting the WB samples paler colors with a reduction in redness.
Furthermore, Qin (2013) found that the lightness of sausage and chicken nuggets increased,
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while the redness and yellowness of these products decreased as the proportion of WB meat
increased in the product formulation. Nevertheless, Madruga et al. (2019) did not find significant
differences in instrumental color parameters L*, a* and b* between normal and WB chicken
sausages. Chen et al. (2018) also reported that L* values were not significantly different between
meatballs prepared from normal and WB meat.

Estimation of Woody Breast (WB) Meat Proportions for Chicken Patty Production
Some studies have suggested the incorporation of WB meat into poultry meat product
formulations at different proportions (Qin, 2013; Madruga et al., 2019; Santos et al., 2019).
However, these researchers included food additives in their formulations such as soy protein
isolate, salt and phosphates, which could have masked the effect of WB myopathy on these
processed products by the interaction between WB meat and those additives that can modify
functional properties such as water holding capacity which in turn can change texture attributes
of cooked meat products (Sanchez-Brambila et al., 2017). For example, soy proteins are
commonly used as binders in products such as meat patties, meat loaves, and sausages (Barbut,
2015). Thus, the study of the effect of WB on further processed products using only chicken
meat at varying degrees of WB severity may be a suitable approach to assess the actual impact of
this meat quality problem and subsequently optimize formulas for industrial applications
including adequate ingredients. In this regard, it was estimated WB meat proportions at different
degrees of severity for chicken patty preparation without causing significant quality changes in
this product compared to normal patties. This estimation was performed using the mixture
profiler plot based on TPA parameters (Figure 4), cook loss and reduction in diameter (Figure 5)
of chicken patties and including all these quality parameters together in the analysis (Figure 6).
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The combination of ground broiler breast meat of regular quality with those presenting
WB condition at mild level up to 60% or severe level up to 37% could be considered to produce
acceptable patties because they were non-significantly different from normal samples in terms of
TPA hardness and cohesiveness. These results are relatively consistent with those from the
comparison of hardness parameter among treatments in which it was found that the hardness was
not significantly (P > 0.05) different for patties prepared with chicken meat mixtures of normal
quality with those partially (up to 67%) or severely (up to 33%) affected by WB condition
compared to normal samples. It has also been reported an irregular reduction in TPA hardness
and cohesiveness parameters as a result of an impaired gel structure observed in gel-type meat
products produced from WB fillets compared to normal samples (Xing et al., 2017; Chen et al.,
2018) that could be associated with the profound degeneration of muscle fibers and the reduction
of myofibrillar proteins caused by this defect (Mudalal et al., 2015; Soglia et al., 2016b).
On the other hand, considering levels of cook loss and reduction in diameter of cooked
patties, the mixture of normal ground broiler breast meat with those exhibiting WB condition at
mild level up to 43% or severe level up to 19% may be feasible to produce acceptable products,
which were non-significantly different from normal samples. These proportions of broiler breast
meat partially and severely affected by WB were lower than those obtained from the mixture
profiler plot based on TPA parameters; however, WB meat proportions decreased when the
analysis included all these quality parameters together. The combination of ground broiler breast
meat of normal quality with those presenting WB condition at mild level up to 23% or severe
level up to 15% could be possible to produce acceptable patties, which were non-significantly
different from normal samples in terms of hardness, cohesiveness, cook loss and reduction in
diameter.
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This study confirmed that the grinding process can significantly change the relationship
initially found between normal and WB fillets for some texture attributes (Sanchez-Brambila et
al., 2017). For example, unlike intact broiler breast fillets, chicken patties prepared with 100% of
ground WB meat were significantly (P < 0.05) less hard than normal patties. It has been
suggested that the grinding process contributes to ease of extracting surface soluble proteins,
reduce cooking loss, and improve binding strength (Acton, 1972). However, the benefits of
grinding WB meat may be limited, even with the incorporation of food additives into the ground
meat product formulation. In this regard, Qin (2013) verified at a pilot plant scale that
formulations of sausage and two types of chicken nuggets (coarsely chopped and ground)
enabled the addition of WB meat to replace 15 and 30% of the normal lean meat without causing
significant quality changes in these products, respectively. It was also found by this author that
coarser comminuting methods allowed higher proportions of broiler breast fillets with WB in
meat products in comparison with comminuting methods producing finer particles. Moreover,
Santos et al. (2019) concluded that the most adequate meat combination to develop emulsified
chicken patties consisted of 50% of normal breast meat mixed with 50% of WB meat.
Nevertheless, some authors have concluded that WB meat could not be suitable to produce geltype meat products due to this abnormal meat shows inferior functional properties through
processing (Xing et al., 2017; Chen et al., 2018).
In conclusion, the results from this study showed that the effect of using broiler breast
fillets affected by WB condition on quality characteristics of chicken patties is related to the
degree of WB severity and the proportion to be incorporated into the formulation. There is
evidence of the poor functionality associated with the inclusion of WB meat at high levels in
chicken patties in terms of water holding capacity and texture properties. Compared to normal
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samples, chicken patties prepared using severe WB fillets, either alone or combined with mild
WB fillets, presented lower values of hardness, springiness, and chewiness parameters as well as
higher levels of cook loss along with a significant reduction in diameter and noticeable internal
cooked color changes. Thus, these data suggest that the combination of breast fillets of normal
quality with those affected by WB myopathy at relatively low proportions could be considered
by processors as an alternative in commercial chicken patty recipes. However, further research is
needed to optimize the incorporation of WB meat into chicken patty formulations for industrial
applications considering the meat particle size and including suitable food additives
accompanied by technological, sensorial and nutritional profile assessments.
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Figure 1. Effect of woody breast (WB) severity on cook loss (%) of chicken patties
a-c

Levels not connected with same letters are significantly (P < 0.05) different.
Measurements are expressed as the mean ± SEM (n = 6).

124

9

Height

20

Reduction level (%)

18
16

bc

c

14

abc

Diameter
abc

abc

a
ab

abc

ab

12
10
8
6
4
2
0
1

2

3

4

5
Treatments

6

7

8

9

Figure 2. Reduction levels (%) in dimensions (height and diameter) of chicken patties prepared
with broiler breast fillets at varying degrees of woody breast (WB) severity
a-c

Levels not connected with same letters are significantly (P < 0.05) different.
Measurements are expressed as the mean ± SEM (n = 6).
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(T1)
100% NOR

(T2)
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67% NOR
+ 33% SEV

33% NOR
+ 67% MIL
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67% NOR
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Figure 3. Cooked chicken patties1 prepared with broiler breast fillets at varying degrees of woody breast (WB) severity2
1
2

Sub-samples (diameter = 23 mm) taken from the center portion of the cooked chicken patties.
NOR = normal breast meat; MIL = mild WB meat; SEV = moderate or severe WB meat.

(T9)

33% MIL 100% SEV
+ 67% SEV
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Response
Hardness
Cohesiveness

Figure 4. Mixture profiler plot of broiler breast meat components at varying degrees of woody
breast (WB) severity1 based on TPA hardness and cohesiveness of chicken patties 2
1

X1 = proportion of normal breast meat; X2 = proportion of mild WB meat; X3 = proportion of
moderate or severe WB meat.
2
The mixture profiler plot shows regions that are feasible (acceptable product) as unshaded.
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Response
Cook loss
Reduction in diameter

Figure 5. Mixture profiler plot of broiler breast meat components at varying degrees of woody
breast (WB) severity1 based on cook loss and reduction in diameter of chicken patties 2
1

X1 = proportion of normal breast meat; X2 = proportion of mild WB meat; X3 = proportion of
moderate or severe WB meat.
2
The mixture profiler plot shows regions that are feasible (acceptable product) as unshaded.
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Figure 6. Mixture profiler plot of broiler breast meat components at varying degrees of woody
breast (WB) severity1 based on TPA parameters, cook loss and reduction in diameter of chicken
patties2
1

X1 = proportion of normal breast meat; X2 = proportion of mild WB meat; X3 = proportion of
moderate or severe WB meat.
2
The mixture profiler plot shows regions that are feasible (acceptable product) as unshaded.
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Table 1. Experimental design of three broiler breast meat components at varying degrees of
woody breast (WB) severity in chicken patty formulation1
Treatment
(mixture)

1

Ingredient proportions
X1

X2

X3

NOR
(%)

MIL
(%)

SEV
(%)

T1

1

0

0

100

0

0

T2

0.67

0.33

0

67

33

0

T3

0.67

0

0.33

67

0

33

T4

0.33

0.67

0

33

67

0

T5

0.33

0

0.67

33

0

67

T6

0

1

0

0

100

0

T7

0

0.67

0.33

0

67

33

T8

0

0.33

0.67

0

33

67

T9

0

0

1

0

0

100

NOR = normal breast meat; MIL = mild WB meat; SEV = moderate or severe WB meat.

Table 2. Effect of woody breast (WB) condition on quality characteristics of raw broiler breast
fillets

Parameter

WB category1
NOR

MIL

SEV

394.28 ± 7.52c

431.00 ± 10.12b

473.22 ± 9.76a

Compression force (N)

4.29 ± 0.21c

9.85 ± 0.38b

17.64 ± 0.62a

pH

5.73 ± 0.02c

5.82 ± 0.03b

6.01 ± 0.02a

Lightness (L*)

54.67 ± 0.40b

56.91 ± 0.51a

58.67 ± 0.66a

Redness (a*)

1.81 ± 0.24b

1.94 ± 0.23b

2.95 ± 0.29a

Yellowness (b*)

12.98 ± 0.30b

13.71 ± 0.39ab

14.92 ± 0.45a

Fillet weight (g)

a-c

Means ± SEM with no common superscripts within a row are significantly different (P < 0.05).
n = 18/WB category. NOR = normal breast fillets; MIL = mild WB fillets; SEV = moderate or
severe WB fillets.
1
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Table 3. Effect of woody breast (WB) condition on the texture profile analysis (TPA) of cooked
chicken patties
Treatment (mixture)1

Hardness
(N)

Cohesiveness

Springiness

Chewiness
(N)

T1)

100% NOR

30.11 ± 1.57a

0.78 ± 0.01a

0.91 ± 0.01a

21.45 ± 0.98a

T2)

67% NOR + 33% MIL

28.64 ± 0.70a

0.77 ± 0.01a

0.83 ± 0.01ab

18.40 ± 0.56ab

T3)

67% NOR + 33% SEV

27.97 ± 1.10ab

0.75 ± 0.01ab

0.81 ± 0.02b

16.88 ± 0.89bc

T4)

33% NOR + 67% MIL

28.13 ± 1.46ab

0.76 ± 0.01ab

0.85 ± 0.01ab

18.00 ± 0.90ab

T5)

33% NOR + 67% SEV

23.43 ± 0.87bc

0.75 ± 0.01ab

0.81 ± 0.02b

14.28 ± 0.83cd

T6)

100% MIL

20.55 ± 1.24c

0.74 ± 0.01ab

0.79 ± 0.02b

12.10 ± 0.94d

T7)

67% MIL + 33% SEV

19.14 ± 1.21cd

0.74 ± 0.01ab

0.80 ± 0.02b

11.33 ± 0.69de

T8)

33% MIL + 67% SEV

18.62 ± 0.56cd

0.75 ± 0.02ab

0.81 ± 0.03b

11.29 ± 0.51de

T9)

100% SEV

14.56 ± 0.50d

0.71 ± 0.01b

0.78 ± 0.02b

8.09 ± 0.45e

a-e

Means ± SEM with no common superscripts within a column are significantly different (P <
0.05).
1
n = 6/treatment. NOR = normal breast meat; MIL = mild WB meat; SEV = moderate or severe
WB meat.
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Table 4. Effect of woody breast (WB) condition on instrumental color measurements of cooked
chicken patties
Treatment (mixture)1

Lightness
(L*)

Redness
(a*)

Yellowness
(b*)

∆E*ab

T1)

100% NOR

79.58 ± 0.46

1.44 ± 0.03c

14.43 ± 0.25a

0.00

T2)

67% NOR + 33% MIL

80.87 ± 0.37

1.47 ± 0.07bc

14.39 ± 0.18a

1.40 ± 0.29b

T3)

67% NOR + 33% SEV

80.57 ± 0.32

1.42 ± 0.05c

13.61 ± 0.13ab

1.45 ± 0.34b

T4)

33% NOR + 67% MIL

79.88 ± 0.56

1.41 ± 0.07c

14.05 ± 0.31ab

1.56 ± 0.36b

T5)

33% NOR + 67% SEV

80.72 ± 0.17

1.57 ± 0.03abc

13.92 ± 0.21ab

1.60 ± 0.48b

T6)

100% MIL

79.98 ± 0.53

1.76 ± 0.04ab

14.19 ± 0.20ab

1.54 ± 0.33b

T7)

67% MIL + 33% SEV

80.83 ± 0.36

1.68 ± 0.10abc

13.08 ± 0.33bc

2.12 ± 0.39ab

T8)

33% MIL + 67% SEV

81.14 ± 0.50

1.71 ± 0.07abc

12.22 ± 0.32cd

3.09 ± 0.53ab

T9)

100% SEV

81.39 ± 0.46

1.79 ± 0.09a

11.74 ± 0.43d

3.74 ± 0.62a

a-d

Means ± SEM with no common superscripts within a column are significantly different (P <
0.05).
1
n = 6/treatment. NOR = normal breast meat; MIL = mild WB meat; SEV = moderate or severe
WB meat.
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V.

INSTRUMENTAL TEXTURE ANALYSIS OF POULTRY DELI LOAVES
PREPARED WITH BROILER BREAST FILLETS EXHIBITING WOODY
BREAST CHARACTERISTICS
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ABSTRACT
The use of broiler breast fillets affected by woody breast (WB) myopathy in processed
poultry products could be a feasible alternative to face this meat quality problem. This study
aimed to assess the impact of the use of broiler breast fillets at different degrees of WB severity
and percentages on instrumental texture characteristics of chicken deli loaves. Breast fillets were
collected from commercial broiler carcasses and sorted based on palpation assessment in three
WB categories (normal-NOR, mild-MIL, and severe-SEV), which were validated using the
instrumental compression force analysis. Using classified fillets (n = 270), nine treatments with
three replicates of deli loaves were prepared: 100% NOR (T1), 67% NOR + 33% MIL (T2), 67%
NOR + 33% SEV (T3), 33% NOR + 67% MIL (T4), 33% NOR + 67% SEV (T5), 100% MIL
(T6), 67% MIL + 33% SEV (T7), 33% MIL + 67% SEV (T8), and 100% SEV (T9). Cooked deli
loaves were subjected to the texture profile analysis. Additionally, cook loss, instrumental color,
and dimensional modifications were assessed in these samples. The hardness of chicken deli
loaves increased (P < 0.05), whereas their cohesiveness values decreased (P < 0.05) as WB
severity increased in the meat added into the product formulation when compared with normal
samples and excluding treatments T2 through T4. The use of SEV fillets at 100% (T9) or mixtures
of MIL and SEV fillets (T7 and T8) yielded non-uniform deli loaves with different color
parameters and higher levels of cook loss (> 13%) coupled with reductions in diameter (> 8%)
and length (> 5%) compared to normal samples (P < 0.05). These results suggest that the
negative effects of WB on quality and yield characteristics are not minimized by the preparation
of this formed product when using high proportions of WB meat. Thus, broiler breast fillets
affected by WB condition may be used at relatively low percentages combined with normal
fillets as an option in commercial chicken deli loaf formulations.
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INTRODUCTION
The “Wooden” or “Woody” breast (WB) condition is currently one of the major meat
quality problems in the poultry industry worldwide which is characterized by an abnormal
hardness with swollen and pale sections covered with viscous fluid or hemorrhages or both in
chicken breast fillets severely affected by this myopathy (Sihvo et al., 2014; Mudalal et al.,
2015). This WB meat exhibits histological and physicochemical defects that derives in unwanted
sensory, nutritional, and technological properties (Soglia et al., 2016b; Baldi et al., 2019;
Petracci et al., 2019), causing significant economic losses due to its negative effects on consumer
acceptability (Petracci et al., 2015). These negative implications make critical the development
and selection of profitable options for the application of WB meat once broiler carcasses or
breast fillets affected by this abnormality are accurately identified and sorted (Petracci et al.,
2019; Santos et al., 2019). The impaired functionality of WB meat has been well documented
(Mudalal et al., 2015; Soglia et al., 2016a,b; Xing et al., 2017; Petracci et al., 2019). The altered
composition of WB fillets such as higher levels of fat, collagen and moisture as well as lower
levels of protein and ash (Soglia et al., 2016a,b; Baldi et al., 2019) affects negatively functional
properties such as water holding capacity and modifies texture attributes that result in
downgrades and even condemnations (Petracci et al., 2019).
The use of WB meat in further processed products may be a feasible option of helping the
poultry industry to face this meat quality problem, considering that the chemical composition can
be modified during formulation (Petracci et al., 2015) as well as further processing operations
can modify meat properties (Aberle et al., 2001; Keeton and Osburn, 2010), which may possibly
mitigate unfavorable effects of WB anomaly on the final product quality (Petracci et al., 2019).
Some efforts have been made to evaluate the utilization of WB fillets in popular poultry meat
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products such as marinated whole muscle products (Mudalal et al., 2015; Soglia et al., 2016b;
Tijare et al., 2016; Bowker et al., 2018), sausages (Qin, 2013), patties (Santos et al., 2019) and
nuggets (Qin, 2013). In addition, meat batters made from WB meat have been evaluated (Xing et
al., 2017). Considering the results from these studies, the effectiveness of the use of WB meat
without causing a perceived quality defect in processed poultry meat products could be
associated with important factors such as the proportion to be incorporated into the formulation,
meat particle size (whole muscle, ground, coarsely or finely chopped), addition of non-meat
ingredients, and concentration of salt. Furthermore, it is hypothesized that the negative effect of
WB on product quality and yields may be related to the degree of WB severity. Indeed, special
attention should be given to the incorporation of WB meat into processed product formulations
due to both functional and quality issues that could arise (Soglia et al., 2016a). In this context
and considering the need to expand potential uses of WB fillets, the objective of the present
study was to investigate the effect of the application of broiler breast fillets at varying degrees of
WB severity and proportions on instrumental texture traits of chicken deli loaves in addition to
other quality characteristics.

MATERIALS AND METHODS
Sample Collection
Boneless and skinless breast fillets belonging to commercial broilers (high breast yielding
strain) processed at 8 weeks of age at the University of Arkansas Poultry Processing Pilot Plant
according to commercial-based practices (Mahaffey et al., 2006) were used. The process
included the following operations: hanging, stunning, cutting, bleeding, scalding, defeathering,
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evisceration, and rinsing. Subsequent processing operations were pre-chilling (12°C, 15 min),
chilling (1°C, 90 min), and storage at 4°C until the deboning time of 3 h postmortem.
The deboned breast fillets were scored for degree of hardness using tactile assessment as
described by Tijare et al. (2016). The WB classification considered in the palpation evaluation
was as follows: 0.0 or 0.5 as normal (NOR) or unaffected fillets; 1.0 or 1.5 as mild (MIL) or
fillets partially affected by WB, and 2.0, 2.5 or 3.0 as moderate or severe (SEV) or fillets
considerably affected by WB as described in Chapter 2. In addition, the compression force
analysis was carried out to confirm subjective tactile scores. Following WB scoring and
compression force assessments, a total of 270 sorted fillets (90 per WB category) were packed in
zip-sealed plastic bags and stored overnight at 4°C.

Meat Quality Parameters
Compression force (CF) was measured four times at predetermined locations in the
cranial section of each intact fillet using a texture analyzer (Model TA.XT Plus, Texture
Technologies Corp., Scarsdale, NY) as described in Chapter 2. Broiler breast meat color and pH
were determined at 24 h postmortem. The instrumental color (CIE L* = lightness, a* = redness,
and b* = yellowness) was determined on the dorsal surface of each fillet by averaging three
readings using a calibrated CR-400 colorimeter (Konica Minolta Sensing Inc., Osaka, Japan).
The pH was measured at the cranial end of each breast fillet using a portable pH meter (Model
Testo 205, Testo Inc., Sparta, NJ).
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Preparation of Chicken Deli Loaves
Nine formulations or treatments (T1 through T9) with three replicates of chicken deli
loaves were prepared using broiler breast meat at different degrees of WB severity (Table 1).
Chicken breast fillets (cranial section) separately by WB category were trimmed and cubed into
2.54 x 2.54 cm pieces, and subsequently formulated as described in Table 1. Separately by
treatment, cubed chicken meat combinations were marinated in a vacuum tumbler (Model 40,
Lyco, Columbus, WI) for 1 hour at 4°C. The marinade pickup target was 20% (wt/wt) to obtain a
final product concentration of 1.25% sodium chloride (North American Salt Co., Overland Park,
KS) and 0.45% sodium tripolyphosphate (Budenheim USA Inc., Plainview, NY). After
tumbling, vacuum-marinated samples were manually stuffed (diameter: 100 mm, length: 290
mm; weight: 2.3 kg) by treatment and stored overnight at 4°C. Raw deli loaves were cooked in a
smokehouse (Alkar, Lodi, WI) to an internal temperature of 75°C. Subsequently, cooked
samples were drained, cooled to room temperature (23 ± 2°C) and analyzed.

Determination of Cook Loss and Dimensional Changes
The deli loaf treatments were weighed before and after cooking to calculate the
percentage of cook loss using the following equation: cook loss (%) = [(raw product weight −
cooked product weight)/ raw product weight] × 100. The length and diameter of raw and cooked
deli loaves were measured at three different points per sample using a ruler and digital Vernier
caliper (Model W80152, Wilmar Corp., Tukwila, WA). The measurements from the three points
for each dimension were averaged before further use. Reduction levels (%) in length and
diameter were calculated according to the formula: reduction in length or diameter (%) = [(raw
product measurement − cooked product measurement)/ raw product measurement] × 100.
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Instrumental Color Evaluation
Six deli loaf disks (thickness: 15 mm) were sliced from the central section of each cooked
sample using a deli meat slicer (Model 1812, Hobart Corp., Troy, OH). The instrumental color
parameters lightness (L*), redness (a*), and yellowness (b*) were measured in triplicate on the
surface of each sliced deli loaf disk using a calibrated CR-400 colorimeter (Konica Minolta
Sensing Inc., Osaka, Japan). The settings of illuminant D 65 and 2° observer (Caldas-Cueva et al.,
2016) were utilized. Additionally, the total color difference (ΔE* ab) was determined to assess the
overall color variation between a given cooked deli loaf and the reference sample which was the
deli loaf treatment produced using 100% of normal breast fillets. The ΔE* ab value was calculated
using the following equation: ΔE*ab = [(L*i – L*o)2 + (a*i – a*o)2 + (b*i – b*o)2]1/2, where L*o,
a*o and b*o were the readings of the color reference and L*i, a*i and b*i were the individual
readings of each treatment assessed.

Texture Profile Analysis (TPA)
Texture profile analysis (TPA) was performed at room temperature (23.0 ± 2°C) using a
texture analyzer (Model TA.XT Plus, Texture Technologies Corp., Scarsdale, NY). Test samples
with a cylindrical shape (diameter: 23.0 mm and thickness: 15 mm) were taken from three
different locations of each sliced deli loaf disk using a corer and they were subjected to a twocycle compression test as described in Chapter 4.

Statistical Analysis
Data were analyzed by one-way ANOVA with WB category (for meat quality traits) or
treatment factor (for TPA, instrumental color, cook loss, and dimensional changes data of cooked
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deli loaves) fit as fixed effect. When the main effect was significant, means were separated by
Tukey’s HSD test at P-value < 0.05. Furthermore, the simplex lattice mixture design (SLMD)
was utilized to estimate feasible mixtures of normal breast fillets (X1), mild WB fillets (X2) and
moderate or severe WB fillets (X3) to produce suitable products. These possible combinations
were estimated based on TPA parameters, cook loss and reduction levels in dimensions of
normal deli loaves. The statistical analysis was achieved using JMP software, version 14.3.0
(SAS Institute Inc., Cary, NC).

RESULTS AND DISCUSSION
Meat Quality Parameters
Table 2 shows the quality parameters of intact broiler breast fillets exhibiting different
degrees of WB severity. The SEV fillets were the heaviest (P < 0.05) which was comparable to
other reports (Chatterjee et al., 2016; Xing et al., 2017), whereas intermediate fillet weight values
were achieved for MIL fillets (P < 0.05). Compression force (CF), pH, and lightness (L*) values
increased (P < 0.05) as WB severity increased in the raw broiler breast meat. It was not possible
to significantly differentiate (P > 0.05) MIL fillets in terms of redness (a*) and yellowness (b*)
values. However, SEV fillets showed higher a* and b* values than NOR fillets (P < 0.05).
Higher CF values found in SEV fillets compared to NOR fillets were consistent with
previous reports (Mudalal et al., 2015; Soglia et al., 2017; Dalgaard et al., 2018). The abnormal
hardness of WB fillets may be related to the fibrosis as a result of the accretion of highly crosslinked collagen fibrils (Velleman et al. 2017); indeed, the increase of connective tissue
components typically observed in WB meat derives in a high degree of inherent strength that
results in altered textural properties (Soglia et al., 2017). Various authors have also reported
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higher pH values in WB fillets in comparison with NOR fillets (Chatterjee et al., 2016;
Kuttappan et al., 2017; Xing et al., 2017; Dalgaard et al., 2018), which could be associated with a
depletion of the glycogen content or alteration of the onset of acidification during the
postmortem time due to this anomaly (Mudalal et al., 2015). In addition, no consensus has been
reached about the instrumental color characterization of WB fillets, which could be attributed to
the heterogeneous distribution of this defect throughout the fillet (Bowker et al., 2018; Wold et
al., 2019) as well as the existence of hemorrhages on the anomalous chicken meat surface (Sihvo
et al., 2014; Dalle Zotte et al., 2017; Santos et al., 2019). Nevertheless, some studies have also
reported higher values of L*, a*, and b* parameters for severe WB cases compared to NOR
fillets (Wold et al., 2017; Aguirre et al., 2018; Cai et al., 2018).

Cook Loss and Dimensional Changes
Cook loss levels of chicken deli loaves prepared with breast fillets at varying degrees of
WB severity are shown in Figure 1. Compared to normal samples and excluding treatments T 2
through T4, the cook loss of deli loaves increased (P < 0.05) as WB severity increased in the
broiler breast meat incorporated into the product formulation. These significant increasing trends
in cook loss levels were accompanied by a significant (P < 0.05) reduction in length (> 5%) and
diameter (> 8%) that was observed especially in deli loaf treatments prepared using mixtures of
cubed breast meat partially and severely affected by WB condition (T 7 and T8) including the
treatment T9 when compared with normal samples. These results suggest that the negative effects
of WB anomaly on the product quality and yields of formed deli loaves containing high
percentages of cubed WB meat are not eliminated by vacuum-tumbling marination, which is
consistent with several studies that reported a significant impairment of the water holding
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capacity in marinated breast fillets with WB defect (Mudalal et al., 2015; Soglia et al., 2016b;
Aguirre et al., 2018; Bowker et al., 2018).
The reduced product yields observed in deli loaf samples containing high proportions of
WB meat could be associated with the impaired functionality of raw breast fillets severely
affected by WB condition, particularly their poor ability to hold water, that has been widely
investigated. This altered functionality of WB meat can be attributed to the severe degeneration
of muscle fibers accompanied by fibrosis, lipidosis and alterations in fiber membrane integrity
caused by this abnormality (Soglia et al., 2016b; Petracci et al., 2019) that derives in alterations
in the chemical composition (Soglia et al., 2016a,b; Baldi et al., 2019) and decrease in muscle
fiber number (Sihvo et al., 2014; Mazzoni et al., 2015), which would explain the poor ability to
bind water observed in WB fillets. Additionally, the higher proportion of extra-myofibrillar
water and the greater mobility of intra-myofibrillar water found in WB meat (Soglia et al.,
2016a; Xing et al., 2017) may help to explain the increased losses of fluids during cooking in
deli loaves prepared using high percentages of SEV fillets.

Texture Profile Analysis (TPA)
Table 3 shows the effect of WB myopathy on four texture profile analysis (TPA)
parameters of cooked deli loaves. Compared to normal samples and excluding treatments T 2
through T4, the hardness of chicken deli loaves increased (P < 0.05), whereas their cohesiveness
values decreased (P < 0.05) as WB severity increased in the chicken breast meat incorporated
into the product formulation. These results are in agreement with those obtained from the
instrumental texture analysis of intact raw breast fillets, from which it was determined that MIL
and SEV fillets presented greater hardness (higher CF values) compared to NOR fillets, which
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suggests that the abnormal hardness caused by WB defect can be reflected in formed deli loaves
prepared using high proportions of cubed WB meat. Regardless of the cooking method, various
authors also found higher TPA hardness values in non-marinated or marinated cooked chicken
breast fillets severely affected by WB anomaly versus NOR fillets (Chatterjee et al., 2016; Soglia
et al., 2016b; Aguirre et al., 2018). Additionally, Chatterjee et al. (2016) found lower TPA
cohesiveness values in raw WB fillets compared to normal samples, which might have also been
reflected in cooked deli loaves containing high percentages of WB meat. On the other hand, the
springiness and chewiness values of deli loaves were not significantly different among
treatments (P > 0.05). Conversely in whole chicken fillets, some studies highlighted that the
texture of cooked SEV samples was springier and chewier when compared with NOR fillets
(Chatterjee et al., 2016; Aguirre et al., 2018).
These abnormal textural traits may be noticed in Figure 3, which shows quality defects
that were observed especially in deli loaf treatments produced using high proportions of SEV
meat or mixtures of MIL and SEV meats. The sample made using exclusively SEV fillets or
treatment T9 displayed the poorest quality. In addition, Table 4 shows the effect of WB anomaly
on the uniformity of TPA parameters of cooked deli loaves. The use of SEV fillets at 100% or
combinations of MIL and SEV fillets yielded deli loaves with higher levels of coefficient of
variation (CV) in their hardness, cohesiveness and chewiness parameters versus normal deli
loaves (P < 0.05), suggesting that the utilization of WB meat at high percentages has a negative
effect on the uniformity of formed products such as deli loaves. The impaired instrumental
texture properties observed in deli loaves prepared from WB meat may be related to chemical
and structural changes particularly in the muscle fibers and connective tissues caused by this
abnormality (Soglia et al., 2016b). Furthermore, the increase in hardness values in deli loaf
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treatments containing high proportions of WB meat could be attributed to the higher cook loss
levels found in these samples due to it has also been reported higher TPA hardness values in
cooked WB fillets with higher cook loss percentages (Soglia et al., 2016b; Aguirre et al., 2018).
It is important to emphasize that the texture of restructured or formed products is also
associated with processing conditions, the addition of non-meat ingredients and the degree of
extension with the addition of water and other ingredients (Luckett et al., 2014). In this study, it
was used a basic brine, considering a marinade pickup target of 20% to obtain a final product
concentration of 1.25% sodium chloride and 0.45% sodium tripolyphosphate. The critical factor
in the process was binding the meat pieces together with optimum strength, which was
essentially achieved with the help of brine that allowed the extraction of proteins, the mechanical
action from tumbling that brought the dissolved functional proteins to the meat particle surfaces,
and the cooking process that allowed the dynamic process of unfolding and coagulation of
proteins (Aberle et al., 2001; Keeton and Osburn, 2010). Thus, the irregular texture observed in
WB deli loaves could also be attributed to the lower salt-soluble protein contents and the profile
of these extracted proteins as suggested by Xing et al. (2017) in WB meat batters compared to
normal ones with 1 or 2% of salt content.

Instrumental Color Measurements
Instrumental color parameters (L*, a*, and b*) of cooked chicken deli loaves are
presented in Table 5. The internal surface of deli loaf samples prepared with high percentages of
SEV fillets or mixtures of MIL and SEV fillets was significantly (P < 0.05) darker (lower L*
values) than that of normal samples. These results are consistent with those recently reported by
Zhuang and Bowker (2018), who found that the ventral surface of cooked WB fillets was
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considerably darker than that of normal fillets regardless of marination treatment. These authors
observed that surface areas on the raw chicken breast fillets with hemorrhaging were linked to
visible dark discoloration after cooking. In this experiment, it was also observed the presence of
hemorrhages on the abnormal meat surface of some SEV fillets used to prepare deli loaves.
Moreover, deli loaf treatments T7 through T9 presented significantly (P < 0.05) lower a* values
when compared with normal samples, whereas only the treatment T 9 or deli loaf sample prepared
using SEV fillets at 100% exhibited significantly (P < 0.05) a lower b* value compared to that
for the normal sample. In this regard, contrasting objective color measurements have been
reported for cooked WB fillets. Zhuang and Bowker (2018) pointed out that the WB anomaly
caused increases in a* and b* parameters on the cooked ventral surfaces of affected fillets
regardless of marination treatment or frozen storage. However, Mudalal et al. (2015) supported
that there were no significant differences in cooked color measurements between marinated
normal and WB meat.
Overall color variations were assessed by computing the total color difference (ΔE* ab)
values (Table 5), which were subsequently interpreted considering the criteria that are often used
by researchers performing instrumental color evaluations in meat and meat products. These
criteria suggest that changes in instrumental color measurements are visually noticeable and
obvious for the human eye when ΔE*ab values are higher than 2 and 3, respectively (Francis and
Clydesdale, 1975). The results from this evaluation indicated that the overall difference in color
between the normal deli loaf sample and treatments T3 through T9 could be noticed by consumers
(ΔE*ab > 2), whereas only T8 and T9 treatments showed obvious or evident color modifications
(ΔE*ab > 3) compared to normal samples. Table 5 also shows that treatment T 9 had a
significantly (P < 0.05) higher ΔE*ab value in comparison with the other treatments excluding T 8.
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These color differences were visually observed, particularly in samples containing high
proportions of SEV fillets or mixtures of MIL and SEV fillets (Figure 3). The irregular color
distribution observed in deli loaves containing high percentages of SEV meat could be related to
the heterogeneous distribution of this myopathy throughout the broiler breast fillet (Bowker et
al., 2018; Wold et al., 2019). Although there are limited published data available with respect to
the instrumental color characteristics of cooked fillets affected by WB, it has been hypothesized
that the surface discoloration observed in cooked WB fillets could be attributed to the increased
hemorrhaging on the surface of intact WB fillets (Zhuang and Bowker, 2018). Nevertheless, the
association of WB myopathy with hemorrhage severity (Dalle Zotte et al., 2017; Kuttappan et
al., 2017) may not be the only factor explaining the discoloration observed in deli loaf samples
containing high proportions of WB meat due to there were some raw SEV fillets that did not
exhibit visible petechial hemorrhaging. In fact, it has been suggested that the impaired surface
traits that are commonly found in WB fillets such as increased white striations, connective tissue,
and gelatinous-viscous fluid (Sihvo et al., 2014; Dalle Zotte et al., 2017) could also contribute to
the discoloration of cooked WB meat (Zhuang and Bowker, 2018), which might have also been
reflected in WB deli loaf samples. The higher levels of cook loss that were found especially in
samples prepared with high percentages of SEV fillets could also explain the discoloration
observed in these treatments as suggested by Zhuang and Bowker (2018) in cooked WB fillets.

Estimation of Woody Breast (WB) Meat Proportions for Deli loaf Production
WB meat proportions at different degrees of severity were estimated for deli loaf
preparation without causing significant quality changes in this formed product in comparison
with normal samples. This assessment was carried out using the mixture profiler plot based on
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TPA parameters (Figure 4), cook loss and dimensional changes (Figure 5) of chicken deli loaves
and including all these quality parameters together in the analysis (Figure 6). The mixture of
NOR cubed meat with those exhibiting WB defect at MIL level up to 21% or SEV level up to
18% may be considered to produce acceptable formed deli loaves because they were nonsignificantly different from normal samples in terms of TPA hardness and cohesiveness. These
proportions of WB meat were considerably lower than those estimated for patties (Chapter IV),
which may be associated with the meat particle size due to deli loaf is more like a whole muscle
product; therefore, it is more affected by WB condition compared to ground products such as
chicken patties in terms of textural characteristics. In addition, these lower proportions of WB
meat estimated for the preparation of acceptable deli loaves could be related to the higher
variability in TPA parameters observed especially in deli loaf treatments prepared using SEV
fillets at 100% or mixtures of MIL and SEV fillets when compared with normal samples.
On the other hand, considering cook loss and reduction levels in length and diameter of
deli loaves, the combination of NOR cubed meat with those presenting WB at MIL level up to
24% or SEV level up to 11% could be possible to prepare acceptable formed deli loaves. Finally,
when the analysis included all these parameters together, the mixture of NOR cubed meat with
those exhibiting WB defect at MIL level up to 22% or SEV level up to 17% may be feasible to
produce acceptable formed deli loaves. The results suggest that special attention should be given
to the incorporation of WB meat into processed product formulations such as chicken deli loaves
due to quality problems were observed in these formed products, particularly in samples
containing high percentages of WB meat. Mixtures of NOR fillets with those affected by WB
abnormality at relatively low ratios that were estimated for preparation of acceptable deli loaves
are in agreement with those for chicken patties (Chapter IV). In fact, Qin (2013) found that
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formulations of sausage and two types of chicken nuggets enabled the incorporation of WB meat
to replace 15 and 30% of the normal lean meat without causing significant quality changes in
these products, respectively. The use of high salt levels (≥ 3%) may improve the quality of WB
products; however, it is not a commercial alternative due to there are health concerns associated
with high-salt foods (Xing et al., 2017).
In summary, combining the results from the present study, the feasibility of the use of
WB meat without causing a perceived quality defect in poultry meat products such as chicken
deli loaves is attributed to the degree of WB severity and the percentage to be added into the
formulation. Deli loaves prepared using broiler breast fillets severely affected by WB condition,
either alone or combined with mildly affected breast fillets, were harder and less cohesive as well
as less uniform with higher levels of cook loss accompanied by significant reductions in diameter
and length when compared with normal samples. In addition, noticeable cooked color changes,
particularly associated with dark discolored areas, were observed in deli loaves containing high
percentages of WB meat versus normal samples. Thus, special attention should be given to the
inclusion of WB fillets into processed poultry product recipes such as chicken deli loaves
because of quality defects that could arise. Nevertheless, WB fillets could be used at relatively
low proportions combined with normal fillets in commercial chicken deli loaf formulations as a
feasible alternative of helping the poultry industry to deal with this meat quality problem. The
optimization of the incorporation of WB meat into deli loaf formulations needs to be investigated
for industrial applications considering the inclusion of adequate non-meat ingredients along with
technological, sensorial and nutritional profile evaluations in addition to the sliceability and other
quality assessments of thin slices of the final product.
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Figure 1. Effect of woody breast (WB) condition on cook loss (%) of chicken deli loaves
a-e

Levels not connected with same letters are significantly (P < 0.05) different.
Measurements are expressed as the mean ± SEM (n = 3).
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Figure 2. Effect of woody breast (WB) condition on reduction levels (%) in length and diameter
of chicken deli loaves
a-d

Levels not connected with same lower-case letters are significantly (P < 0.05) different for the
reduction in length of deli loaves.
A-C
Levels not connected with same upper-case letters are significantly (P < 0.05) different for the
reduction in diameter of deli loaves.
Measurements are expressed as the mean ± SEM (n = 3).
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Figure 3. Cooked deli loaves prepared with broiler breast fillets at varying degrees of woody breast (WB) severity1
1

NOR = normal breast meat; MIL = mild WB meat; SEV = moderate or severe WB meat.
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Response
Hardness

Cohesiveness

Figure 4. Mixture profiler plot of broiler breast meat components at different degrees of woody
breast (WB) severity1 based on TPA hardness and cohesiveness of deli loaves 2
1

X1 = proportion of normal breast meat; X2 = proportion of mild WB meat; X3 = proportion of
moderate or severe WB meat.
2
The mixture profiler plot shows regions that are feasible (acceptable product) as unshaded.
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Figure 5. Mixture profiler plot of broiler breast meat components at different degrees of woody
breast (WB) severity1 based on cook loss and reduction levels in length and diameter of deli
loaves2
1

X1 = proportion of normal breast meat; X2 = proportion of mild WB meat; X3 = proportion of
moderate or severe WB meat.
2
The mixture profiler plot shows regions that are feasible (acceptable product) as unshaded.
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Figure 6. Mixture profiler plot of broiler breast meat components at different degrees of woody
breast (WB) severity1 based on TPA parameters, cook loss and reduction in dimensions of deli
loaves2
1

X1 = proportion of normal breast meat; X2 = proportion of mild WB meat; X3 = proportion of
moderate or severe WB meat.
2
The mixture profiler plot shows regions that are feasible (acceptable product) as unshaded.

157

Table 1. Experimental design of three broiler breast meat components at different degrees of
woody breast (WB) severity in deli loaf formulation 1
Ingredient proportions

Treatment
(mixture)

1

X1

X2

X3

NOR
(%)

MIL
(%)

SEV
(%)

T1

1

0

0

100

0

0

T2

0.67

0.33

0

67

33

0

T3

0.67

0

0.33

67

0

33

T4

0.33

0.67

0

33

67

0

T5

0.33

0

0.67

33

0

67

T6

0

1

0

0

100

0

T7

0

0.67

0.33

0

67

33

T8

0

0.33

0.67

0

33

67

T9

0

0

1

0

0

100

NOR = normal breast meat; MIL = mild WB meat; SEV = moderate or severe WB meat.

Table 2. Quality parameters of raw broiler breast fillets with different degrees of woody breast
(WB) severity

Parameter

WB category1
NOR

MIL

SEV

SEM

P-value

401.52c

445.69b

493.34a

3.33

< 0.0001

Compression force (N)

4.33c

8.15b

13.57a

0.30

< 0.0001

pH

5.74c

5.80b

5.94a

0.01

< 0.0001

Lightness (L*)

52.97c

54.52b

55.65a

0.20

< 0.0001

Redness (a*)

2.75b

3.04ab

3.31a

0.08

0.0122

Yellowness (b*)

8.96b

9.68ab

10.60a

0.20

0.0044

Fillet weight (g)

a-c

Means with no common superscripts within a row are significantly different (P < 0.05).
n = 90/WB category. NOR = normal breast fillets; MIL = mild WB fillets; SEV = moderate or
severe WB fillets.
1
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Table 3. Effect of woody breast (WB) condition on texture profile analysis (TPA) parameters of
cooked deli loaves
Treatment (mixture)1

Hardness
(N)

Cohesiveness Springiness

Chewiness
(N)

T1) 100% NOR

21.82 ± 0.35d

0.83 ± 0.01a

0.89 ± 0.01

16.20 ± 0.34

T2) 67% NOR + 33% MIL

22.49 ± 0.41cd

0.81 ± 0.01ab

0.88 ± 0.01

16.02 ± 0.37

T3) 67% NOR + 33% SEV

23.01 ± 0.63bcd

0.82 ± 0.01a

0.89 ± 0.01

16.73 ± 0.42

T4) 33% NOR + 67% MIL

23.06 ± 0.54bcd

0.80 ± 0.01abc

0.88 ± 0.01

16.25 ± 0.44

T5) 33% NOR + 67% SEV

25.21 ± 0.64ab

0.77 ± 0.01bcd

0.89 ± 0.01

17.36 ± 0.50

T6) 100% MIL

24.84 ± 0.54abc

0.77 ± 0.01cd

0.86 ± 0.01

16.40 ± 0.45

T7) 67% MIL + 33% SEV

25.45 ± 0.57ab

0.76 ± 0.01de

0.88 ± 0.01

17.03 ± 0.51

T8) 33% MIL + 67% SEV

25.77 ± 0.63a

0.74 ± 0.01de

0.87 ± 0.01

16.54 ± 0.51

T9) 100% SEV

27.12 ± 0.62a

0.72 ± 0.01e

0.87 ± 0.01

17.01 ± 0.54

a-e

Means ± SEM with no common superscripts within a column are significantly different (P <
0.05).
1
n = 6/treatment. NOR = normal breast meat; MIL = mild WB meat; SEV = moderate or severe
WB meat.
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Table 4. Effect of woody breast (WB) condition on uniformity of texture profile analysis (TPA)
parameters of cooked deli loaves

Treatment

(mixture)1

CV2
Hardness
(%)

CV
CV
Cohesiveness Springiness
(%)
(%)

CV
Chewiness
(%)

T1) 100% NOR

10.50c

3.69c

4.47

14.33b

T2) 67% NOR + 33% MIL

14.56bc

4.41c

6.41

16.14ab

T3) 67% NOR + 33% SEV

14.69bc

5.05bc

4.97

17.65ab

T4) 33% NOR + 67% MIL

17.83abc

5.07bc

4.63

16.35ab

T5) 33% NOR + 67% SEV

15.97abc

6.03abc

5.83

19.32ab

T6) 100% MIL

16.09abc

5.61bc

6.05

16.10ab

T7) 67% MIL + 33% SEV

23.02a

7.20ab

5.62

24.94a

T8) 33% MIL + 67% SEV

20.65ab

8.04a

6.85

20.48ab

T9) 100% SEV

19.05ab

6.88ab

6.47

24.25a

0.65

0.20

0.21

0.75

0.0001

< 0.0001

0.0719

0.0029

SEM
P-value
a-c

Means with no common superscripts within a column are significantly different (P < 0.05).
n = 6/treatment. NOR = normal breast meat; MIL = mild WB meat; SEV = moderate or severe
WB meat.
2
CV = Coefficient of variation.
1
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Table 5. Effect of woody breast (WB) condition on instrumental color measurements of cooked
deli loaves
Lightness
(L*)

Redness
(a*)

Yellowness
(b*)

∆E*ab

T1) 100% NOR

82.00 ± 0.23a

1.48 ± 0.09a

15.15 ± 0.25a

0.00

T2) 67% NOR + 33% MIL

81.82 ± 0.29a

1.25 ± 0.09ab

14.59 ± 0.34a

1.56 ± 0.21c

T3) 67% NOR + 33% SEV

81.74 ± 0.29a

1.26 ± 0.09ab

14.60 ± 0.41a

2.08 ± 0.29bc

T4) 33% NOR + 67% MIL

81.49 ± 0.34ab

1.18 ± 0.09ab

14.46 ± 0.40ab

2.16 ± 0.25bc

T5) 33% NOR + 67% SEV

80.32 ± 0.40bcd

1.14 ± 0.09ab

14.36 ± 0.34ab

2.54 ± 0.28bc

T6) 100% MIL

80.79 ± 0.22abc

1.17 ± 0.08ab

13.94 ± 0.29ab

2.30 ± 0.16bc

T7) 67% MIL + 33% SEV

80.16 ± 0.28bcd

0.96 ± 0.10b

14.43 ± 0.35ab

2.77 ± 0.23bc

T8) 33% MIL + 67% SEV

79.61 ± 0.27cd

0.89 ± 0.10b

14.26 ± 0.35ab

3.18 ± 0.24ab

T9) 100% SEV

79.18 ± 0.34d

1.01 ± 0.11b

12.87 ± 0.44b

4.16 ± 0.53a

Treatment (mixture)1

a-d

Means ± SEM with no common superscripts within a column are significantly different (P <
0.05).
1
n = 6/treatment. NOR = normal breast meat; MIL = mild WB meat; SEV = moderate or severe
WB meat.
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VI.

CONCLUSIONS
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OVERALL CONCLUSIONS
The overall results of the first two experiments suggest that there are conformational
changes in the carcass breast section that could be used to predict Woody Breast (WB) condition
in commercial broilers, especially in those for heavy debone market, using image analysis.
Various subsets of measurements (width, length, angle, and area) obtained mainly from the
caudal section of the carcass breast region in addition to ratios of these measurements could be
included in statistical models to predict the WB myopathy. The best validated prediction model
included a fraction (1/5th) of the breast length starting from the tip of the keel bone and breast
width measurements at cranial and caudal sections of broiler carcasses. Even though the
predictive performance of the model for detecting WB using image measurements was
associated with differences in degrees of severity and incidence rates of WB among broiler
strains, gender, and ages or live weights at slaughter, overall accuracy levels greater than or
equal to 84% to sort broiler carcasses as WB or normal with sensitivity levels greater than or
equal to 71% to detect affected birds were achieved. Indeed, the instrumental compression force
of deboned raw breast fillets, which was highly correlated to WB tactile scores, supported the
WB prediction in broilers using carcass dimensions. Thus, the potential integration of these
image measurements into commercial non-destructive, non-contact and rapid in-line vision
grading systems would allow processors to identify broilers with WB and potentially classify,
provide large-scale information upstream to live production and downstream to further
processing operations.
The overall results of the last two trials suggest that the utilization of WB meat in chicken
patties and deli loaves is associated with the degree of WB severity and the incorporation
proportion into the formulation. There is evidence of the poor functionality associated with the
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inclusion of severe WB fillets, either alone or combined with mild WB fillets, into these
products. Thus, special attention should be given to the incorporation of WB meat into poultry
meat product formulations due to significant reductions in yield along with quality defects such
as impairment of instrumental texture characteristics, and increased levels of cook loss and
reductions in product dimensions that could arise compared to normal products. However, the
mixture of normal breast fillets with WB fillets at relatively low percentages may be considered
by processors as an alternative in commercial chicken patty and deli loaf formulations. Further
research is needed to optimize the incorporation of WB meat into patty and deli loaf recipes for
industrial applications considering the meat particle size and including adequate non-meat
ingredients accompanied by technological, sensorial and nutritional profile evaluations of the
final product.
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